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ABSTRACT 
Separation of microalgal cells from culture medium is a challenging phase of algal 
production. Application of microfiltration as Stage 1 harvesting technology to pre-concentrate 
algal suspension from 0.2 g-dry/L to 10 g-dry/L (1% solids) prior to the final dewatering stage 
by centrifugation (Stage 2) was studied in this research. A bench-scale filtration setup with three 
tubular crossflow membrane modules (pore sizes: 0.05 µm, 0.1 µm, 0.5µm) equipped with data 
acquisition systems was constructed. In phase-1 experiments, the influence of algal species and 
the size of particles in the culture media on the filterability of microalgae were studied. It was 
found that Nannochloris sp. with the biggest particles yielded highest average fluxes with all the 
three tested membranes. The selected algal species all yielded highest fluxes when filtered by the 
membrane with the smallest pore size (0.05 µm). Phase-2 experiments were aimed at 
maximizing the permeation flux by optimizing the transmembrane pressure (TMP) and crossflow 
velocity (CFV). The highest steady state flux was obtained at TMP of 172.4 kPa (25 psi) and 
CFV of 5.53 m/s, at a feeding flow rate of 42 L/min. In the final step, algal culture was 
concentrated to 10.89 g-dry/L (~1.1% solid), reaching a 54.45X volumetric reduction. Air-
assisted backwash was employed as a physical flux enhancement technique. The most effective 
backwashing regime involved three periodic backwashes per hour. This frequency of 
backwashing enhanced the flux by 32%. For a maximum flux scenario, filtration of 
Nannochloris sp. yielded a maximum permeation flux of 326.04 ± 4.14 L/m
2
.h. At the maximum 
flux setting, the pumping energy required for a large scale microfiltration process was estimated 
to be 5.11 kWh/m
3
 of pond water. However the same system required much lower energy at 
lower CFVs. For the TMP of 137.9 kPa and at the lowest CFV (3.55 m/s), the pumping energy 
reached the minimum 1.18 kWh/m
3
, which was comparable to the energy requirement of 
x 
 
centrifugation. Despite the high operational costs of the tested microfiltration system in both 
maximum flux and or minimum energy scenarios, it can be a valuable Stage 1 harvesting 
technology for specific applications that cannot tolerate chemical coagulant or those that require 
a high degree of purity.  
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1. INTRODUCTION 
Microalgal biomass is used as feedstock in production of a wide variety of products such 
as human nutritional supplements, animal feed, fine chemicals, biofuel and many other valuable 
substances (Spolaore, et al., 2006; Chisti, 2007; Raja, et al., 2007; Besada, et al., 2009; Harun, et 
al., 2010; Singh & Gu, 2010; Chisti & Yan, 2011; Demirbas, 2011; Kirrolia, et al., 2013). 
However algae production is cost and energy intensive which makes its application economically 
feasible for high-value products. One of the drawbacks in production of algae is the separating of 
biomass from the culture medium, which can account for 20-30% of the total production cost 
(Brennan & Owende, 2010). This is mainly due to small cell sizes (typically 2-40 µm in 
diameter) with a specific gravity close to water and very low culture concentration which 
requires massive amount of water to be removed to recover the cells (Li, et al., 2008; Alabi, et 
al., 2009; Amaroa, et al., 2011; Ríos, et al., 2012). 
Algal cultures are conventionally dewatered in a 2-stage process. In Stage 1, the culture is 
concentrated from 0.1-0.5 g-dry/L to about 10 g-dry/L, and centrifugation in Stage 2 yields an 
algal paste with approximately 25% solids. Membrane filtration can be a viable method as Stage 
1 microalgal harvesting technique due to the improvements in membrane manufacturing 
technology, expansion of applications, and the consequent cost reductions (Zhang, et al., 2010). 
It also offers several advantages. In this process no coagulant is added, therefore biomass 
refinery and downstream processes are simplified. Debris, bacterial loads, protozoa, and viruses 
are removed while nutrients are retained in culture medium so it can be recycled for further use 
(Zhang, et al., 2010). This characteristic makes membrane technology a suitable method for the 
production of organic and highly-purified products. The required energy for an integrated 
hollowfiber-tubular membrane system for dewatering Nannochloropsis sp. with an initial feed 
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concentration of 1.5-2 g-dry/L up to a 100X volumetric reduction was estimated at 0.3−0.7 
kWh/m
3
 (Bhave, et al., 2012). To dewater algal cultures with 0.21-0.25 g-dry/L biomass density, 
the total energy consumption for a 15X membrane concentration followed by centrifugation up 
to a final 25% w/v biomass paste was estimated to be 0.77 and 0.84 kWh/m
3
 for the algae species 
C. vulgaris and P. tricornutum, respectively (Bilad, et al., 2013). However, depending on the 
filtration system, the energy required for membrane process can be even higher than the 
centrifugation alone. In such cases, this technique will be feasible only for products with very 
high value.  
Membrane filtration suffers from clogging and formation of a fouling layer on the surface 
of the membrane that reduces the filtrate flow rate, prolongs the processing time, and increases 
the energy and cleaning costs. Fouling can be substantially diminished in cross-flow filtration 
where the feeding flow is passed tangential to the surface of the membrane, thereby, creating 
shear forces and turbulence, which reduce the deposition of materials (Schenk, et al., 2008; Ríos, 
et al., 2012; Abdelaziz, et al., 2013). Performance of a membrane filtration system is influenced 
by membrane chemistry, cut-off, characteristics of the feed suspension, membrane resistance, 
and operating variables including transmembrane pressure, crossflow velocity, pH and 
temperature (Baerdemaeker, et al., 2013). This research examines the application of membrane 
technology in concentrating microalgal culture. Influences of algal species and membrane pore 
size on filtration flux are investigated and to maximize permeation rate, operational variables are 
optimized.  
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1.1 Research Objectives 
The long term objective is to investigate the application of membrane technology as a 
pre-concentration method, or Stage-1 microalgal harvesting technology. The specific objectives 
for this research are: 
1) Design and construct a computer-automated bench-scale tubular tangential microfiltration 
system equipped with air assisted backflushing mechanism and features to vary feeding 
flow rate, transmembrane pressure, temperature, and backwashing. The set-up should be 
capable of concentrating the algal culture with an initial concentration of 0.1-0.2 g-dry/L 
up to 1% solids final density.  
2) Characterize algal suspension by conducting cell morphology and particle size 
distribution analysis and compare the filterability of different microalgal strains using 
membranes with varied pore sizes (Chapter 3). 
3) Maximize permeation rate by optimizing crossflow velocity, transmembrane pressure, 
and backwashing frequency; and to estimate the energy required for a large scale 
filtration system (Chapter 4).  
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2. LITERATURE REVIEW 
2.1 Microalgae production 
Microalgae are microscopic unicellular autotrophic organisms growing in fresh water and 
marine environments. In terms of abundance they are classified in three major classes: diatoms 
(Bacillariophyceae), the green algae (Chlorophyceae), and the golden algae (Chrysophyceae). 
Blue-green algae or cyanobacteria are also referred to as microalgae. (Demirbas & Demirbas, 
2010; Singh & Olsen, 2011). These primitive organisms are among the most photosynthetically 
efficient plants on earth as they are capable of consuming large amounts of nutrients with their 
simple cellular structure and large surface-to-volume-body ratio (Demirbas & Demirbas, 2010). 
Similar to terrestrial plants, microalgae utilize CO2 as carbon source and sunlight by means of 
photosynthesis mechanism to convert solar energy to chemical energy and synthesize 
carbohydrates, protein, lipids and other valuable co-products over short period of time (Singh, et 
al., 2011). Nitrogen, phosphorus, potassium, iron, and sometimes silicon are the other elements 
that microalgae require as nutrient (Singh & Gu, 2010; Demirbas, 2011). They can grow in 
diverse water conditions such as fresh, saline, brackish and even sewage and unlike food crops 
they do not require fertile land, herbicides or pesticides application (Singh & Gu, 2010; 
Demirbas, 2011; Khoo, et al., 2013). Main microalgae culturing systems are open raceway ponds 
(OP) and closed photobioreactors (PBRs). Raceway ponds are usually oval-shaped loops open to 
air and equipped with paddle wheels that facilitate recirculation and prevent sedimentation. 
These ponds are shallow (25-40 cm) so that light can well penetrate into the algal broth. In 
PBRs, culture is circulated from a central reservoir through a series of transparent containers 
which are usually tubes. Although culture environment is better controlled in PBRs, they are 
normally more expensive and energy-demanding than open ponds (Chisti, 2007; Schenk, et al., 
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2008; Brennan & Owende, 2010; Slade & Bauen, 2013). A life cycle assessment (LCA) and life 
cycle costing (LCC) study (Resurreccion, et al., 2012) concluded that open ponds require less 
energy, and from an LCA point-of-view their greenhouse gas (GHG) emissions were lower than 
horizontal tubular photobioreactors. OPs were assessed to have 32% less energy use for 
construction and operation. 
2.2 Applications of microalgae 
2.2.1 Commercial bio-products, food, feed and pharmaceuticals 
With the advancement of biotechnology over the past three decades, microalgae have 
been cultivated as a feedstock for production of proteins, astaxanthin, β-carotene, glycerol, liquid 
fuels, pharmaceutical formulations, and fine chemicals (Raja, et al., 2007). High value by-
products such as pigments, biopolymers, carbohydrates (docosahexaenoic acid and carotenoids), 
and antioxidant substances for commercial or pharmaceutical purposes can be obtained from 
certain species microalgae (Kirrolia, et al., 2013). Species of microalgae like Dunaliella are used 
for production of dried biomass and cell extracts or for medicinal foods (Raja, et al., 2007). 
Algae species with high protein content gained attention as unconventional source of protein in 
early 1950’s when an increase in world’s population drove the need for an alternative protein 
source (Spolaore, et al., 2006). Since the first Algae Mass-Culture Symposium in 1952, 
commercial utilization of microalgae such as Chlorella, Scenedesmus and Spirulina as sources of 
food have been evaluated (Borowitzka, et al., 1984). Spirulina that is used in food supplements is 
a species of blue-green algae with 60-70% wt/v protein and high content of minerals and 
vitamins such as vitamin B12 and provitamin A (ß-carotene) (Harun, et al., 2010). Other species 
of algae like Porphyra red algae, and brown algae particularly Laminaria, Undaria, and Hizikia 
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fusiforme are directly consumed as human food (Besada, et al., 2009). Because of microalgae’s 
high content of protein, vitamins and polysaccharides, they are also exploited to enhance the 
nutritional value of food and animal feed (Harun, et al., 2010). Algae strains that have sufficient 
amount of iodine, potassium, iron, magnesium, and calcium are sources of nutrients and used as 
food additives or feedstock in nutraceuticals (Kirrolia, et al., 2013). Microalgae-based 
supplements are marketed in from of tablets, capsules and liquids or are added into pastas, snack 
foods, candy bars or gums, and beverages. They are sources of bio-organic compounds such as 
polyunsaturated fatty acid oils that are added to infant formulas and nutritional supplements 
(Spolaore, et al., 2006). Table ‎2-1 includes the chemical composition of selected microalgae 
strains.  
Table ‎2-1 Chemical composition of selected microalgae 
Contents expressed on a % dry matter basis; M: Marine, F: Freshwater  
Source: (Bruton, et al., 2009) 
Species (M/F) Protein Carbohydrate Lipids Nucleic acid 
Anabaena cylindrica F 43–56 25–30 4–7 – 
Chlamydomonas rheinhardii F 48 17 21 – 
Chlorella pyrenoidosa F 57 26 2 – 
Chlorella vulgaris F 51–58 12–17 14–22 4–5 
Dunaliella bioculata M 49 4 8 – 
Dunaliella salina M 57 32 6 – 
Euglena gracilis F 39–61 14–18 14–20 – 
Porphyridium cruentum M 28–39 40–57 9–14 – 
Prymnesium parvum M 28–45 25–33 22–38 1–2 
Scenedesmus dimorphus F 8–18 21–52 16–40 – 
Scenedesmus obliquus F 50–56 10–17 12–14 3–6 
Scenedesmus quadricauda F 47 – 1.9 – 
Spirogyra sp. F 6–20 33–64 11–21 – 
Spirulina maxima F 60–71 13–16 6–7 3–4.5 
Spirulina platensis F 46–63 8–14 4–9 2–5 
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Table 2-1 continued 
Species (M/F) Protein Carbohydrate Lipids Nucleic acid 
Synechoccus sp. M 63 15 11 5 
Tetraselmis maculata M 52 15 3 – 
 
Microalgae are widely incorporated into feed for aquaculture, pets and farm animals 
(Spolaore, et al., 2006; Singh & Gu, 2010). Nutritional and toxicological studies have proved the 
suitability of algal biomass as feed or supplement to animal feed (Dhargalkar & Verlecar, 2009). 
Tilapia fish was observed to have better growth and protein efficiency when supplied with Ulva 
rigida algae as the replacement for soybean meal (Azaza, et al., 2008). A life cycle assessment 
(LCA) study on commercial scale production of microalgae for aquaculture applications 
demonstrated more environmental sustainability compared to a conventional fish feed (Taelman, 
et al., 2013). Microalgae with 5-10% protein content can substitute protein sources for poultry 
feed (Spolaore, et al., 2006). Metabolism of chicken was found to be affected by addition of 
Porphyridium sp. algae as feed supplement, also higher carotenoid and 10% lower cholesterol in 
egg yolk was discovered (Ginzberg, et al., 2000). Another study on pigs demonstrated 10% 
weight increase as a result of addition of Laminaria digitata algae (He, et al., 2002).  
Some algae species contain bioactive compounds such as antioxidants, antibiotics and 
toxins that make them good feedstock for pharmaceutical industry. Microalgae naturally contain 
functional sources of omega-3 including docosahexaenoic acid (DHA) and eicosapentaenoic acid 
(EPA) which are used for treatment of heart and inflammatory diseases, asthma, arthritis, 
migraine headache and psoriasis. (Harun, et al., 2010). Fish actually accumulate omega-3 fatty 
acids by consuming microalgae that produce them directly. Omega-3 fatty acids widely obtained 
from fish oil are becoming less favorable due to unpleasant taste and poor oxidative stability of 
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fish oil (Luiten, et al., 2003). Increasing trend of supplying fish meal and fish oil results in 
pressure on aquaculture stock and threatens the sustainability of marine wild life. Therefore 
microalgae as an alternative to fish meal and fish oil could reduce the cost and environmental 
impact of intense fish farming (Taelman, et al., 2013). 
 The pharmaceutical industry uses microalgae for producing pigments and fine organic 
chemicals such as chlorophyll. Under optimum condition, chlorophyll is around 4% of the 
overall cell weight on dried basis for almost all algae. In pharmaceutical industry chlorophyll is 
used in ointments, liver recovery and ulcer treatment products. It accelerates cell growth and 
increases hemoglobin in blood (Harun, et al., 2010). Chlorophyll derived from algae with strong 
green pigments can be used as additive for natural foods instead of artificial substances (Singh & 
Gu, 2010; Harun, et al., 2010). In addition to chlorophyll, brown and red algae are good sources 
of pigments for cosmetic industry. Chlorella is an algal species with high percent of chlorophyll 
and complete nutrient content that makes it a potential food for human consumption (Singh & 
Gu, 2010; Stephens, et al., 2010). Table ‎2-2 summarizes most widely used products other than 
biofuel from microalgae. 
Table ‎2-2: Non-fuel products from microalgae 
Source: (Luiten, et al., 2003) 
Product Use Algal genus or type Current 
product 
content (%) 
Current 
status 
Isotopic 
compounds 
Medicine 
research 
Many >5 Commercial 
Phycobiliproteins Research food 
color 
Red; Blue-greens 1–5 Commercial 
Pharmaceuticals Anticancer 
antibiotics 
Blue-greens; Other 0.1–1 Research 
β-Carotene Food suppl.; 
food color 
Dunaliella; Dunaliella 5 Commercial 
Xanthophylls Chicken feed Greens, diatoms, etc. 0.5 Research 
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Table 2-2 continued 
Product Use Algal genus or type Current 
product 
content (%) 
Current 
status 
Vitamins (C, A, 
E, H, B1,2,6,12) 
Vitamins Greens <1 Research 
Health foods Supplements Chlorella spirulina 100 Commercial 
Polysaccharides Viscosifiers 
gums 
Phorphyridium; Others 50 Research 
Bivalves feed Seed raising; 
aquaculture 
Diatoms; Chrysophytes 100 Commercial 
Research 
Soil inoculum Conditioner 
fertilizers 
Chlamydomonas; N-
fixing species 
100 Commercial 
Research 
Aminoacids Proline, 
arginine, 
aspartic acid 
Chlorella; Blue-greens 10 Research 
Conceptual 
Single cell 
protein 
Animal feeds Green algae; Others 100 Research 
Veg and marine 
oils 
Foods, feeds 
supplements 
Greens; Diatoms 30 Research 
Astaxanthin Aquaculture Haematococcus 1–5 Commercial 
 
2.2.2 Algal biofuel  
Microalgae have high photon conversion efficiency and algal production systems are 
found to be among the most efficient biomass production for fuel (Schenk, et al., 2008). 
Microalgae produce lipid by utilizing inorganic carbon (CO2) and organic carbon sources such as 
glucose and acetate (Kirrolia, et al., 2013). This lipid that is similar to those found in many 
vegetable oils is accumulated in algae’s cell mass (Singh, et al., 2011). Algal lipid is either 
neutral such as triglycerides and cholesterol or polar like phospholipids and galactolipids. 
Triglycerides are the main substances used for production of biodiesel (Kirrolia, et al., 2013). 
Various types of biofuel can be produced from microalgae through thermochemical and 
biochemical methods namely: biodiesel via transesterification of algal oil, bioethanol from 
hydrolysis and fermentation, biomethane produced by anaerobic digestion of the algal biomass, 
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biobutanol through acetone butanol (AB) fermentation using bacteria (normally Clostridium sp.) 
and photobiologically produced biohydrogen (Chisti, 2007; Harun, et al., 2010; Singh & Gu, 
2010; Demirbas, 2011). Lipid content of algae varies in different species. Common oil content is 
about 20-50%; however it could reach up to 80% of dried biomass in certain species. Microalgae 
with higher oil content are desired for biodiesel production (Chisti, 2007). Depending on the 
cell’s lipid content, algal is estimated to yield 20,000 to 80,000 liters of oil per acre, per year 
which is 7-31 times greater than the next best crop, palm oil (Demirbas, 2011). Alga is thought to 
be potentially the only source of renewable biodiesel that is capable of meeting the global 
demand for transport fuels (Chisti, 2008). A study (Chisti & Yan, 2011) approximately estimates 
a 30% reduction in carbon dioxide emission in United States in case petroleum derived fuel is 
replaced by fuel from algae.  
2.2.2.1 Advantages of algal biofuel 
The main advantages of microalgae-base biofuels are: 
 Microalgae have rapid growth and high oil/carbohydrate content. In warm locations they 
can be cultivated year-round with high per acre productivity (Demirbas, 2010; Singh & 
Gu, 2010; Rawat, et al., 2013) 
 Algae production is not dependent on soil fertility as they can be cultivated on marginal 
non-arable, arid and semi-arid land (Norsker, et al., 2011). They require less fresh water 
than any other terrestrial plant and a wide variety of water sources including saline, 
coastal sea and brackish water can be used (Rawat, et al., 2013). Without resulting in 
food versus fuel competition (Singh & Olsen, 2011) and with no pressure on agricultural 
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land or forest ecosystems (Stephens, et al., 2010) they are theoretically able to meet 
significant amount of global demand for transportation fuel.  
 Valuable co-products and residual biomass from oil-extraction can be utilized as animal 
feed (Kirrolia, et al., 2013). The residue after anaerobic digestion can be further 
processed to be used as fertilizer (Harun, et al., 2010).  
 The net carbon footprint of algal biofuel is zero as CO2 is drawn from the atmosphere by 
algae during their growth. Algal biodiesel might produce lower greenhouse gas emissions 
with similar or lower net energy ratios (energy in/energy out) comparing to petroleum 
diesel or other biodiesels (Passell, et al., 2013). Microalgae can contribute to carbon 
capture and wastewater treatment if CO2 is supplied through industrial flue gas 
(Stephens, et al., 2010) and nutrients are provided by waste water (Passell, et al., 2013).  
2.2.2.2 Limitations of algal biofuel production 
Since the energy crisis in 1970’s that brought algae into limelight as fuel crop (Spolaore, 
et al., 2006), despite the advantages and high theoretical potential, algal biofuel production 
system has not attained economic feasibility yet (Chisti, 2008; Stephens, et al., 2010; Abdelaziz, 
et al., 2013). Due to lower cost of petroleum fuels versus algae-based fuels that have been 
estimated to be US $9-25 per gallon in ponds and US $15–40 per gallon in photobioreactors 
(Kirrolia, et al., 2013), currently most of large scale microalgae production facilities around the 
globe are used for high value products and not for transportation fuels (Passell, et al., 2013).  
To achieve an economically viable commercial scale algal biofuel production system, the 
costs of operation should be minimized, and culture density and oil yield should be maximized 
(Singh & Gu, 2010). More technology advancements have been recommended by almost all 
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LCA studies (Bahadar & Khan, 2013). Acquiring the most value from algal biomass via 
biorefinery, improvement in bioreactors technology and modification of microalgae through 
genetic engineering could result in significant reduction in the costs (Chisti, 2007). 
2.3 Algae harvesting methods 
Below are the common techniques for separating microalgae cells from culture medium.  
2.3.1 Sedimentation or settling 
This method that is governed by Stokes’ law is well established in water and wastewater 
treatment clarifiers and is the simplest method to harvest algae.  According to Stokes’ law, 
settling velocity is proportional to the difference between the density of algae cells and culture 
media and inversely proportional to the diameter of cells. As density of microalgae cells (1.02- 
1.25 g/m
3
) is very close to density of water and diameter of cells is very small (2-40 µm), the 
settling velocity of microalgae is very low (Li, et al., 2008; Schenk, et al., 2008). Choi and 
coworkers (Choi, et al., 2006) reported this velocity being 0.1 cm/h to 2.6 cm/h for large cells. 
To achieve such low velocity, culture should be as dense as 3 g-dry/L which is much higher than 
the concentration in conventional microalgal cultivation systems that is usually below 0.5 g-
dry/L. Therefore sedimentation is a time- and space-consuming process which might not be a 
suitable method for harvesting strains of algae with naturally low settling rate. However it has 
low capital and operation costs (Singh, et al., 2011). 
2.3.2 Centrifugation 
It is an accelerated sedimentation process by enhanced gravity force against rotating 
walls or fixed walls in a system called hydrocyclone (Singh, et al., 2011). Algal slurry is 
separated into high and low density phases by means of centripetal acceleration (Harun, et al., 
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2010). Centrifugation has higher separation efficiency and capital/operation costs compared to 
simple sedimentation (Singh, et al., 2011). Although the separation efficiency and energy 
consumption are higher at higher spinning speeds, rotation speed is limited by cell damage due to 
intensive shear force at higher velocities (Harun, et al., 2010). Centrifugation at high velocities is 
energy and cost intensive. Reported energy estimations are 3,000 kWh/ton of algae (Schenk, et 
al., 2008), and 1.3 kWh/m
3
 of pond water (Dassey & Theegala, 2013) which makes the sole cost 
of harvesting biomass be as high as 12$ per gallon of algal oil. Therefore this technique is 
economically viable for high value products.  
2.3.3 Coagulation and flocculation 
It is the process of adding a floc-forming substance like alum (Al2(SO4)3), ferric chloride 
(FeCl3) and ferric sulfate (Fe2(SO4)3) to enmesh or combine with nonsettleable colloidal solids or 
slow-settling suspended solids to produce larger flocs with higher settling velocity (Reynolds & 
Richards, 1996). Algae cells repel from one another because of identical negative surface charge 
(Schlesinger, et al., 2012). Cells agglomerate and form clumps after neutralization due to 
addition of multivalent cations such as Al
3+
, Fe
3+
, Fe
2+
 and Ca
2+
 (Lee, et al., 2013). 
Polyelectrolytes that are cationic polymers are the organic type of flocculant which can also 
neutralize cell surface charge and create flocs by linking cells together (cells bridging) (Harun, et 
al., 2010). 
Flocculation efficiency is influenced by surface charge of the particles that is represented 
by zeta potential (Gerde, et al., 2014). Surface charge of microalgae cells is sensitive to pH 
(Danquah, et al., 2009) and so is flocculation of algal broth. Autoflocculation is the phenomenon 
in which algae cells agglomerate due to raised pH as a result of carbon dioxide consumption or 
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interruption of CO2 supply (Demirbas, 2010; Uduman, et al., 2010). In a study on flocculation 
induced by pH increase (Wu, et al., 2012), 90% increase in the efficiency of flocculation of 
freshwater microalgae (Chlorella vulgaris, Scenedesmus sp., Chlorococcum sp.) and marine 
microalgae (Nannochloropsis oculata, Phaeodactylum tricornutum) was observed.   
Alum, ferric chloride and lime are effective flocculants generally used in water and 
wastewater treatment. However, for microalgae they could be undesirable if the biomass is used 
in applications such as livestock feed or anaerobic digestion unless chemicals are removed in an 
additional downstream process. Flocculation is usually followed by dissolved air floatation 
(DAF), which is expensive for large scale operations (Schenk, et al., 2008; Singh, et al., 2011; 
Schlesinger, et al., 2012; Rawat, et al., 2013). 
2.3.4 Floatation 
It is the process of separating suspended particles by attaching to rising tiny bubbles. This 
technique is commonly used for treatment of sewage but also has been studied for harvesting 
microalgae. When particles adhere to the injected bubbles, the combined bouncy encourages 
elevation of solids to the surface where the accumulated floating matter is removed by a 
skimming apparatus (Uduman, et al., 2010; Show, et al., 2013). There are three variations of 
floatation: dissolved-air flotation (DAF), dispersed-air flotation, and electrolytic flotation. In 
dissolved air floatation (DAF), micro-bubbles are generated when a pressurized stream of air 
saturated water is released to the atmosphere. In dispersed-air flotation, larger bubbles can be 
produced by combined agitation and air injection (froth-flotation) or by bubbling air through 
porous media (foam-flotation). In electrolytic flotation, fine hydrogen bubbles are generated by 
electrolysis (Show, et al., 2013). 
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Floatation can produce algal cell foam with 6% dry weight (Uduman, et al., 2010) that 
needs to be further dehydrated in a downstream process such as a second floatation (Show, et al., 
2013), centrifugation, solar drying and sedimentation.  An optimal dose of coagulant is required 
to enhance the microalgal removal efficiency by floatation.  
2.3.5 Membrane filtration 
This technology has been exploited to harvest microalgal biomass. Filtration varies from 
simple screening and micro-straining to pressure or vacuum driven systems. Complex systems 
cost more and make them less economically favorable for low value products such as biofuel 
(Singh, et al., 2011).  Membrane filtration can remove debris and bacterial loads, protozoa, 
viruses and retain nutrients in culture medium and since no coagulant is added in this process, 
culture medium can be recycled for further use. Additionally, downstream processing and use of 
biomass is simplified as no chemical is added (Zhang, et al., 2010; Baerdemaeker, et al., 2013). 
Membrane operation is limited by clogging and formation of a compressible cake layer 
on the surface of the membrane that results in lower permeation. Thus the processing time is 
prolonged and the energy and cleaning costs increase. Fouling can be substantially mitigated in 
crossflow filtration, where the feeding flow is fed tangential to the surface of the membrane, 
thereby, creating shear force and turbulence to reduce fouling (Schenk, et al., 2008; Ríos, et al., 
2012; Abdelaziz, et al., 2013). Table ‎2-3 summarizes several works previously conducted on the 
application of membrane filtration in harvesting microalgae and section 2.4 includes a review on 
the basics of membrane filtration. 
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Table ‎2-3 Preceding research on membrane technology in harvesting microalgae 
 
Algae Strain Filtration Apparatus Operating Condition Cut-off 
Membrane 
Area 
Membrane 
Material Remarks Reference 
1 Chlorella sp. 
47‐mm diameter circular 
disk by Milipore, 
Sartorius and Sterlitech 
TMP: 100 kPa, CFV: 
0.13 m/s 
0.8, 1.2, 3 µm 0.0017 m
2
 
CA, CN, 
PP, PVDF 
Hydrophilic CA and CN 
membranes with a pore 
size of 1.2 µm exhibited 
the best performances. 
(Ahmad, et al., 
2013) 
2 
Nannochloropsis, 
Phaeodactylum, 
Isochrysis sp., 
Chlorella vu., 
Pavlova lutheri 
Submerged flat panel, MF 
& UF  
- 0.05 - 0.4 µm 
0.079 - 
0.116 m
2
 
PVC, PES-
PVP, 
PVDF 
Effect of membrane 
material, pore size, 
concentration and 
species were studied. 
Backwashing was 
compared to standard 
relaxation. 
(Baerdemaeker, 
et al., 2013) 
3 
Chlorella vulgaris, 
Phaeodactylum 
tricornutum 
Flat-sheet submerged  MF 
(Freudenberg, Germany) 
equipped with 
magnetically induced  
membrane vibrating 
(MMV) system 
- 
0.036, 0.013, 
0.008 µm 
0.016 m
2
 PVDF 
Energy for an integration 
of membrane & 
centrifugation was as 
low as 0.84 and 0.77 kW 
h/m
3
 , corresponding to 
1.46 and 1.39 kW h/kg 
algae. 
(Bilad, et al., 
2013) 
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Table 2-3 continued 
 Algae Strain Filtration Apparatus Operating Condition Cut-off 
Membrane 
Area 
Membrane 
Material Remarks Reference 
4 Chlorella sp. KR-1 
Crossflow MF system 
equipped with an anti-
fouling membrane 
Transmembrane 
pressure: 200 kPa and 
cross-flow velocity of 1 
m/s 
4, 0.45, 0.2 
µm 
14 cm
2
 
PET & 
PVDF 
Membrane performance 
was improved by 
applying a surface-active 
coating with Hydrophilic 
polyvinyl alcohol (PVA) 
polymer. 
(Hwang, et al., 
2013) 
5 Chlorella sp. 
47‐mm diameter circular 
disk by Sterlitech 
TMP: 0.5 to 1.5 bar at a 
constant CFV of 0.13 
m/s   
1.2 µm 0.0017 m
2
 CA 
Increasing CFV and 
decreasing TMP resulted 
in a reduction in the cake 
layer formation. 
(Ahmad, et al., 
2012) 
6 Nannochloropsis 
Hollowfiber by Pall Corp. 
NY,  tubular by Pall, and 
ORNL 
CFV <1 m/s for 
hollowfiber and 2−4 m/s 
tubular geometry at 
TMP:15− 30 psi 
0.1 -1 µm 
0.12 & 0.08 
m
2
, 55 cm
2
 
PVDF and 
Ceramic 
Integrated hollowfiber-
tubular membrane 
system can dewater 
algae with at least 80% 
lower energy 
consumption compared 
to other methods. 
(Bhave, et al., 
2012) 
7 
Chlorella vulgaris, 
Phaeodactylum 
tricornutum 
three lab-made 
membranes; Flat-sheet 
submerged membranes 
(Freudenberg, Germany) 
Various TMPs < 25 kPa 
0.036, 0.013, 
0.008 µm 
0.016 m
2
 PVDF 
Energy consumption for 
combination of 
submerged 
microfiltration with 
centrifugation was 0.84 
kW h/m3 and 0.91 kW 
h/m3 for C. vulgaris and 
P. tricornutum 
respectively. 
(Bilad, et al., 
2012) 
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Table 2-3 continued 
 Algae Strain Filtration Apparatus Operating Condition Cut-off 
Membrane 
Area 
Membrane 
Material Remarks Reference 
8 Scenedesmus sp.  
MF crossflow by Motimo 
Co. (Tianjin, China) 
TMP: 50 kPa,  CFV: 4 
m/s 
0.2 µm 0.4 m
2
 PVDF 
Backwashing (1min 
every 20min) showed 
better performance 
compared to ventilation 
to algae medium. 
 (Chen, et al., 
2012) 
9 
Microcystis 
aeruginosa 
Flat-sheet UF membranes 
(OM100076) by Pall, 
USA 
Downflow dead-end 
filtration; pressurized 
with nitrogen gas (0.03 
MPa) 
MWCO: 100 
kDa  
0.0045 m
2
 PES 
Cells and cell fragments 
caused not only 
reversible but also 
irreversible fouling of 
UF membrane.  
(Qu, et al., 
2012) 
10 
One marine and 
one freshwater 
species of the genus 
Chlamydomonas 
Stirred cell membranes: 
PBQK-Millipore, GSWP-
Millipore, SMWP-
Millipore 
- 
50 kg/mol 
(UF), 
0.22µm, 5 µm 
(MF)   
28 cm
2
 PES, MCE 
At high fluxes, much of 
the fouling was 
irreversible. 
(Rickman, et 
al., 2012) 
11 
Phaeodactylum, 
Nannochloropsis, 
Chaetoceros 
Dynamic Cross-flow MF 
by KMPT 
Various TMPs between 
0.4 and 3 bar 
0.5 & 2 µm 0.023 m
2
  Ceramic 
Two antifouling 
methods were tested. 
Dynamic filtration was 
economically more 
efficient than tangential 
cross-flow filtration. 
(Ríos, et al., 
2012) 
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Table 2-3 continued 
 Algae Strain Filtration Apparatus Operating Condition Cut-off 
Membrane 
Area 
Membrane 
Material Remarks Reference 
12 
Chlorella 
sorokiniana 
47‐mm diameter circular 
disk by Anodisc, 
Whatman 
CFVs:  0.1, 0.18, 0.24  
m/s 
0.2 µm 0.0017 m
2
 
PVDF, 
inorganic 
Applying continuous air 
bubbling led to a 
significant reduction in 
fouling rate. An 
intermittent aeration 
mode could achieve 
approximately identical 
performance as 
continuous bubbling 
mode. 
(Wicaksana, et 
al., 2012) 
13 
Phaeodactilum 
Tricornutummicro 
Dynamic Cross-flow MF 
by KMPT 
Two TMPs were tested: 
1 and 2 bar 
0.5, 1, 2 µm 0.023 m
2
 PTFE 
Membranes with similar 
nominal cut-offs but 
different materials 
offered different 
performance in terms of 
selectivity. 
(Ríos, et al., 
2010) 
14 
Scenedesmus 
quadricauda 
UF Hollow Fiber PVC 
(LU8A-4A) by Litree Co. 
(Hainan, China) 
TMP: 34.5 kPa, CFV: 
0.17 m/s 
MWCO: 50 
kDa  
0.125 m
2
 PVC 
Algal suspension was 
150X concentrated to 
154.85 g-dry/L. 
Harvesting efficiency 
and average flux were 
46.01 g/(m2.h) and 
45.50 L/(h.m2), 
respectively. 
(Zhang, et al., 
2010) 
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Table 2-3 continued 
 Algae Strain Filtration Apparatus Operating Condition Cut-off 
Membrane 
Area 
Membrane 
Material Remarks Reference 
15 Chlorella sp. 
MF flat-sheet crossflow 
by Millipore, GVHP and 
Corning, MembraFil 
TMP: 40, 50, 60 kPa; 
CFV: 0.43 m/s for 
laminar flow and 0.84 
m/s for turbulent flow 
0.22 µm 4 cm
2
 
PVDF, 
MCE 
Drastic flux decline was 
observed when operating 
at TMP of 60 kPa. 
Higher CFV increased 
the initial flux of MF 
under TMP of 60. 
(Hung & Liu, 
2006) 
16 
Haslea ostrearia, 
Skeletonema 
costatum 
Flat-sheet crossflow MF 
and UF (by Rayflow, 
Rhodia-orelis, Miribel, 
France) 
TMP: 100 kPa, CFV: 
2.5 m/s 
0.1, 0.2, 0.4, 
0.8, 1.5 µm, 
and 30 kDa , 
40 ka 
0.01 m
2
 
PVDF, 
PAN, PES 
UF membrane 
(polyacrylonitrile, 40 
kDa) was the most 
efficient in the peculiar 
conditions of low TMP 
and low CFV.  
(Rossignol, et 
al., 1999) 
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2.4 Membrane filtration basics  
Filtration is defined as the size-difference-based separation of two or more components 
from a fluid stream. Although it usually refers to the separation of immiscible solid particles 
from liquid and gaseous streams, membrane filtration can also separate gas mixtures or dissolved 
solutes from liquid streams (Cheryan, 1998). Membrane is a thin engineered permeable barrier 
that separates the particles or molecules through a size-exclusion mechanism (EPA815-R-06-
009, 2005). Membrane filtration has been utilized in a variety of applications including product 
concentration, product sterilization (i.e. removal of bacteria and virus particles), solute 
fractionation, solute removal from solutions (e.g. desalination, demineralization), purification 
and clarification (Ghosh, 2006). Membranes can be porous (pores of 5-1000 nm in diameter), 
microporous (pores of 1-5 nm in diameter), and non-porous or semi-permeable (pores smaller 
than 1 nm) (Sutherland, 2008). Porous membranes are used in pressure driven filtration systems 
that are applied in food and bioproduct processing. Due to working based on physical 
differences, this method has advantages such as no involvement of chemical, biological, or 
thermal change of the components which take place in conventional separation methods like 
distillation, adsorption and solvent extraction (Cui & Muralidhara, 2010).Based on particle size 
or molecular weight, major membrane filtrations are microfiltration (MF), ultrafiltration (UF), 
nanofiltration (NF), reverse osmosis (RO), dialysis and electrodialysis (ED). Table ‎2-4 
summarizes the characteristics of each technique.  
Table ‎2-4 Characteristics of membrane processes 
Adapted from (Cheryan, 1998) 
Process  Driving Force  Retentate Permeate 
Dialysis 
Concentration 
difference 
Large molecules, water Small molecules, water 
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Table 2-4 continued 
Process Driving Force Retentate Permeate 
Microfiltration 
(0.1-5μm) 
Pressure (1-10 
bar) 
Suspended particles, 
water 
Dissolved solutes, water 
Ultrafiltration 
(1-100 nm) 
Pressure (1-10 
bar) 
Large molecules, water Small molecules, water 
Nanofiltration 
(0.5-10 nm) 
Pressure (10-30 
bar) 
Small molecules, 
divalent salts, dissociated 
acids, water 
Monovalent ions, 
undissociated acids, 
water 
Reverse 
Osmosis (<0.5 
nm) 
Pressure (35-100 
bar) 
All solutes, water water 
Electrodialysis Voltage/current Nonionic solutes, water lonized solutes, water 
 
MF membranes that are normally used for separation of microorganisms and clarifying 
particles in micron range are assigned absolute rating which is the diameter of the largest pore on 
the membrane (pore size). UF and NF are usually used in purifying biological solutions so they 
are classified by the nominal rating that is molecular weight cut-off (MWCO). MWCO is 
normally measured in terms of Daltons (Da) and is defined as “the smallest molecular weight of 
species, of which the membrane has more than 90% rejection”. Typical cut-off rating and 
operating pressure for pressure-driven filtration processes are: MF (0.1-5μm, 1-10 bar), UF (500-
100,000 Da, 1-100 nm, 1-10 bar), NF (100-500 Da, 0.5-10 nm, 10-30 bar), and RO (<0.5 nm,35-
100 bar) (Cui & Muralidhara, 2010).  
Membranes may be made from inorganic materials such as ceramics, glass, pyrolyzed 
carbon and stainless steel or organic polymers namely polyvinylidene fluoride (PVDF), 
polyacrylonitrile (PAN), cellulose acetate (CA), polypropylene (PP), polyethersulfone (PES), 
polysulfone (PS), or other polymers. Performance of a membrane is affected by its material 
properties like degree of hydrophobicity, surface charge, hydraulic pressure tolerance, pH and 
oxidant strength, and flexibility (Gupta & Ali, 2013).  
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In terms of operation mode, there are two types of hydraulic configuration for filtration 
processes: 1) dead-end or direct or deposition mode; 2) crossflow or tangential flow. In dead-end 
filtration one stream of the feed suspension is pressurized on the membrane and rejected particles 
accumulate on the surface of the membrane while only one stream of permeate leaves the 
filtration module. In crossflow mode, one stream of feed slurry passes tangentially on the surface 
of the membrane and the rejected particles are swept by the feed flow. Thus for a single inlet to 
the crossflow filtration module, there are two outlet flows: permeation (filtrate) stream which is a 
fraction of fed liquid, and retentate stream that includes the rejected material and the remainder 
of feed flow (Figure ‎2-1).  
 
Figure ‎2-1 Schematic diagrams of dead-end and crossflow modes 
In crossflow mode, reduction in permeation flux (J) and increase in cake layer resistance (RC) 
occure slower than dead-end filtration. RM is the resistance by membrane. Source: (Cheryan, 
1998) 
In clarifying applications, permeation is the product while for concentration purposes 
such as sludge thickening the retentate is the product after it reaches the desired concentration by 
recirculation through the filter. The role of tangential flow is to minimize the formation of 
fouling layer on the membrane therefore in crossflow mode permeation rate declines slower than 
dead-end mode resulting in longer membrane life and lower cost of operation (Sutherland, 2008). 
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Membrane module is a compact filtration device containing a specific membrane surface 
area and ports for feeding, permeation and retention streams. Industrial scale modules usually 
contain 1-20 m
2
 of membrane that can be connected in series or parallel to provide the required 
production capacity (Ghosh, 2006). 
2.4.1 Configuration of membrane filters 
There are four types of module configurations: 
2.4.1.1 Tubular membrane module 
This module is composed of one or several tube-shaped membranes enclosed in a 
housing shell (Figure ‎2-2). Tubes are normally 2-20 feet long and have 1-2 inch internal diameter 
(ID) (Ghosh, 2006). Such relatively large ID provides high turbulence inside the tubes and 
minimizes the membrane fouling so that this type of module performs very well in filtering 
slurries with high solid content and for concentration applications (Judd & Judd, 2011). 
However, tubular modules have the lowest membrane surface area to module volume ratio, 
thereby, requiring largest space and capital cost (Cheryan, 1998).  
2.4.1.2 Hollow fiber membrane module 
As shown in Figure ‎2-3, it is similar to tubular module but includes larger number of thin 
hollow-fiber membranes with typically 40 µm internal diameter and 80 µm outside diameter 
(Sutherland, 2008). The capillary tubes are bundled together and encased in a pressure vessel or 
submerged in a basin (EPA815-R-06-009, 2005). Hollow fiber modules have advantages like 
very high packing density (i.e. high surface area-to-volume ratio), low pumping cost and low 
holdup volume. However, the fragile tubes are not suitable for suspended solids, and in case of 
fiber damage the whole module has to be replaced (Ghosh, 2006). 
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Figure ‎2-2 Tubular module 
The tubular module with multiple membrane tubes; Inducor™ Tubular Modules by Koch 
Membrane Systems Inc. 
 
 
Figure ‎2-3 Hollow fiber modules 
HF module manufactured by GEA Filtration 
 
2.4.1.3 Plate module 
This type of module consists of a flat sheet membrane placed on a rigid plate as 
membrane support. Hydraulic configuration of plate modules can be dead-end e.g. stirred cell 
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module or crossflow. These modules have low membrane area to module volume ratio but are 
good for viscous feed and slurries with high solid content. Another advantage of plate modules is 
the ease of cleaning and replacing damaged membranes.  
2.4.1.4 Spiral wound membrane module 
It is composed of sheets of membrane which are separated by turbulence-promoting mesh 
separators and wounded up in a spiral configuration around a tube which functions as the central 
permeate collector (Figure ‎2-4). Spiral wound membranes work best with low suspended solid 
feedstreams and are difficult to clean but have high packing density and relatively low 
manufacturing cost.  
 
Figure ‎2-4 Spiral wound membrane module 
Image source: (EPA815-R-06-009, 2005) 
  
2.4.2 Filtration theory and fouling phenomena 
Material transport through the membrane is driven by diffusion due to concentration 
difference e.g. in dialysis, or convection due to transmembrane pressure e.g. in pressure driven 
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processes (Ghosh, 2006). Transmembrane pressure (TMP) is the pressure difference across the 
membrane i.e. between the feed and permeate sides. TMP differs from pressure drop down the 
membrane module. If pressure drop along the module is not negligible, then TMP and pressure 
drop are given by the following equations: 
     
        
 
           
                        
Where: 
Pin is the pressure in feeding side of the membrane; Pout is the pressure in retentate (or 
concentrate) side of the membrane; Pperm. is the pressure in permeation (filtrate) side of the 
membrane (Figure ‎2-5). 
 
Figure ‎2-5 Schematic of crossflow system 
Pin: pressure in feed side, Pout: pressure in retentate or concentrate side, Pperm: pressure in 
permeate or filtrate side. 
The key design parameter for the productivity of a membrane filtration system is flux (J) 
which is filtrate flow rate per unit of membrane area usually measured in liters per hour per 
square meter (L/m
2
.h or LMH). Flux is influenced by membrane chemistry and pore size, 
membrane resistance, operating condition (transmembrane pressure, crossflow velocity and 
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temperature) and characteristics of the feed suspension (Baerdemaeker, et al., 2013). Increasing 
TMP enhances the flux up to a point after which increases in TMP result in negligible change in 
permeation rate due to thickening of fouling layer. As shown in Figure ‎2-6, the flux-TMP profile 
is divided into two zones: pressure dependent zone (prior to limiting flux) and pressure 
independent zone. Crossflow phenomenon slows down the formation of cake layer by scouring 
the membrane surface and partially sweeping the deposited material. However, this system 
cannot maintain a fouling-free surface and needs periodic backwashes. 
 
Figure ‎2-6 Effect of transmembrane pressure on permeate flux in pressure 
dependent/independent zones 
In pressure dependent zone, flux is enhanced with increasing transmembrane pressure. In 
pressure independent zone, pressure increase does not enhance the permeation beyond the 
limiting flux. Source: (Ghosh, 2006) 
Higher turbulence and shear force as the consequences of increasing crossflow velocity 
result in the higher flux (Ríos, et al., 2010). However excessive shear force in filtration of 
microalgae may promote cell breakage and release of exopolymeric substances (EPS) and 
algogenic organic matters (AOM) or formation of cell fragments and smaller particles and loss of 
biomass (Bilad, et al., 2013). Small colloidal species, AOMs and EPSs that are mainly protein, 
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polysaccharides or polysaccharide-like substances which cause irreversible or severe fouling that 
might not be simply removed by physical cleaning methods (Zhang, et al., 2010; Qu, et al., 2012; 
Rickman, et al., 2012; Zhang, et al., 2012). In conclusion, membrane filtration should be 
operated under an optimized condition in terms of TMP and crossflow velocity to yield the 
highest permeation rate. 
Fouling is the accumulation of materials on the surface of membrane or inside the pores 
preventing the passage of solvent and decreasing productivity (EPA815-R-06-009, 2005). Due to 
fouling, number of functioning pores and available membrane area decrease so that flux declines, 
more energy and cleaning is required and also more membrane damage occurs. As illustrated in 
Figure ‎2-7, in porous membranes four types of fouling mechanisms can occur: 
1) Complete pore blocking: when particles are larger than the pores. 
2) Internal pore blocking: due to adsorption or entrapment of particles smaller than pores 
3) Partial pore blocking: pore is sealed by the bridge that particles form above it. 
4) Cake filtration: formation of a cake layer on the surface of the membrane by particles that 
do not enter the pore. 
Another resistance to membrane permeation is a phenomenon called concentration 
polarization (CP) (Figure ‎2-8). Due to rejection by membrane, the concentration near membrane 
surface is higher than the bulk concentration so materials defuse back to the bulk as the result of 
concentration gradient adjacent to the membrane and eventually a stabilized concentration 
profile is established when convective transport of materials balances with back diffusion (Fane, 
et al., 2011). 
30 
 
 
Figure ‎2-7 Fouling mechanisms in porous membranes 
A) Complete pore blocking: particles larger than pores; B) Internal pore blocking: particles 
smaller than pores; C) Partial pore blocking: pores are blocked by particles bridge; D) Cake 
filtration: formation of cake layer blocks the pores. Source: (Cui & Muralidhara, 2010) 
 
 
Figure ‎2-8 Concentration polarization 
Due to concentration gradiant near the membrane surface, materials defuse back to the bulk 
stream until establishing a stablized concentration profile. Image source: (Cui & Muralidhara, 
2010) 
 
Total filtration resistance is given by the equation below (Cheryan, 1998):  
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Where TMP is the transmembrane pressure, J is the filtration flux and η is the dynamic viscosity 
of the filtrate. Similar to resistance-in-series concept in heat transfer, resistance model is 
developed for expressing TMP-Flux in ultra and micro filtration.  According to this model 
(Zhong, et al., 2011) RT is given by:  
                    
Where:  
Rm is the inherent resistance of the membrane; Rc is the cake resistance from the cake layer 
formed on surface of the membrane; Rb is fouling resistance due to pore blocking; Rcp is the 
resistance due to concentration polarization. 
Severity and influence of each type of fouling is dependent on the membrane material 
and pore size, properties of feed slurry, nature of the solutes and morphology of the particles, and 
operating conditions Ahmad and coworkers (Ahmad, et al., 2012) used a circular disc cellulose 
acetate (CA) membrane in crossflow filtration of Chlorella sp. algae and showed that the 
resistance by cake layer was more rigorous than that of pore blocking and concentration 
polarization. They also suggested an increase in CFV and a decrease in TMP to reduce formation 
of cake layer.  
In addition to fouling reduction effect by tangential flow, there are other flux 
enhancement methods such as backwashing, gas sparging, pulsatile flow, intermittent jets, 
turbulence promoting baffles, membrane surface modification, and electrical methods. 
Backwashing (also backflushing or backpulsing) is a more common technique that is done by 
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periodically reversing the filtrate flow through the membrane and dislodging the deposited 
materials to restore the flux to a higher level and attain a higher average permeation (Figure ‎2-9). 
In case the membrane filtration is implemented for concentration purposes, a backwashing 
system is most effective when the best backwash frequency is employed. Too many stops and 
dilution during backwashing can counteract its benefits and extend the processing time, and 
increase the energy consumption.  
 
Figure ‎2-9 Flux enhancement by backflushing 
A) Forward filtration; B) Backflushing by reversing the permeat flow. Periodic backwashing 
enhances the average permeation flux. Source: (Cui & Muralidhara, 2010) 
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3. INFLUENCE OF STRAIN ON CROSSFLOW FILTRATION OF 
MICROALGAE 
3.1 Introduction 
With the advancement of algal biotechnology, numerous products can be derived from 
microalgae ranging from food supplements and nutrients for human use, aquaculture and 
livestock feed, organic materials used in pharmaceutical and cosmetics industry, pigments and 
valuable chemicals such as β-carotene, omega-3 fatty acids, antioxidants, antibiotics and toxins 
(Spolaore, et al., 2006; Raja, et al., 2007; Harun, et al., 2010; Singh & Gu, 2010). Microalgae can 
be a renewable feedstock for petroleum-based products like plastics that are now obtained with 
high impact to the environment (Chisti, 2007; Chisti & Yan, 2011). Algal biodiesel has been 
found to be the only biofuel with the potential to meet the global demand for transportation fuel 
(Chisti, 2008; Demirbas, 2011). The advantages of microalgae include: high aerial yield and oil 
content in certain species, no competition with food/feed crops, utilization of salt and wastewater 
streams, cultivation on marginal or non-arable land, CO2 sequestration and no impact on forest 
and ecosystem (Schenk, et al., 2008; Stephens, et al., 2010; Norsker, et al., 2011).  
Owing to low biomass concentration, small size of the cells (3–30 μm) (Ríos, et al., 
2012), and their minimal density difference with water, a challenging step of microalgal biomass 
production is the recovery of biomass from culture media (Li, et al., 2008). It is estimated that 
harvesting costs can account for 20-30% of the total production costs (Brennan & Owende, 
2010). Harvesting systems are typically composed of two dewatering stages, where Stage 1 
concentrates the culture from 0.1 g-dry/L to 10-20 g-dry/L (or 1-2% wt./v), and Stage 2 produces 
a final algal biomass with ~200 g-dry/L (20% wt./v) (Dassey, et al., 2014; Dassey, 2013). A 
study on centrifugation as stage 2 of algal harvesting (Dassey & Theegala, 2013) concluded that 
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the cost of harvesting algae for biofuel production could be lowered significantly with increasing 
culture concentration and lipid content of the algal cells. Membrane filtration can be utilized as 
Stage 1 harvesting technology. Due to the improvements in manufacturing technology, 
expansion of applications, and the consequent cost reductions, membrane technology can be 
viable for algal harvesting. Advantages of membrane technology include: the screening of 
protozoa and bacteria, retention of residual nutrients in the culture medium, and simplified 
downstream oil refining as no coagulants are added (Zhang, et al., 2010). However, this 
technology suffers from flux reduction over time due to blocking of the membrane (Ríos, et al., 
2012). Membrane fouling is substantially mitigated in crossflow microfiltration, where the 
feeding fluid is passed tangential to the membrane surface, continuously removing most of the 
deposited particles that cause clogging (Abdelaziz, et al., 2013). However, crossflow does not 
maintain the surface of the membrane completely free of fouling. There are many other factors 
such as membrane pore size, membrane material, characteristics of the feeding suspension, and 
operational configuration that affect on the performance of a filtration system.  
Harvesting characteristic of microalgae is species dependent, as previous studies 
demonstrated contrasting settling (Manheim & Nelson, 2013) and micro-screening behaviors 
(Brennan & Owende, 2010) among varied species. For a given membrane, provided the same 
operating conditions and initial culture concentration, formation of fouling layer on the surface 
of the membrane is influenced by morphology of the biological species, size of the cells and 
suspended particles (McCarthy, et al., 2002). In this research, cell morphology and particle size 
distribution of the suspension of three different strains were analyzed in order to identify the 
influence of strain on crossflow microfiltration of microalgae. 
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3.2 Methods 
3.2.1 Algae cultures 
Algae from Chlorophyceae class of three strains including Chlorella vulgaris (2714), 
Nannochloris sp. (LB 2291) and Scenedesmus sp. (B 1587), were purchased from University of 
Texas culture collection and grown in batch mode in Guilard’s F/2 media and placed in incubator 
(New Brunswick Scientific C25KC) under continuous artificial lighting at 25°C and orbital 
shaking rate of 100 RPM. The cultures grew in exponential phase up to Day-5 when additional 
substrate was added to maintain the growth of algae in a fed-batch mode. The procedure was 
repeated on the 10
th
 day to keep the culture growing up to day 15. Samples were taken on 5
th
 and 
15
th
 days of the growth period. To study and compare the algal cell sizes and shapes, the images 
captured by a Leica confocal laser scanning microscope were analyzed by ImagJ software. Algal 
suspensions contain cells and other particles such as cell fragments, micro particles, 
macromolecules, and cell clusters, which can function as a single particle from a filtration point-
of-view. Thereby, in addition to cell microscopy, particle size distribution analysis was carried 
out by a Beckman Coulter LS 200 which could characterize particles within the range of 0.375-
2000 µm via laser diffraction technique. 
3.2.2 Membrane filtration system 
Three Polyvinylidene Fluoride (PVDF) tubular microfiltration modules with nominal 
pore sizes 0.05 µm, 0.1 µm and 0.5 µm were provided by Porex®. Each 1.829m long module 
had one membrane tube with 12.7 mm nominal ID and 0.07 m
2
 total active surface area. Figure 
‎3-1 shows the schematic of the filtration set-up. In order to evaluate the influence of membrane 
pore size on filtration of a specific strain, all crossflow microfiltration experiments were 
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performed under a constant transmembrane pressure (TMP) of 103.4 kPa and cross-flow velocity 
(CFV) of 2.63 m/s by regulating the flows through the gate valves. Algal cultures that were 5-
day old were used for the tests. Initial concentrations of the suspensions were adjusted in the 
range of 134 ± 2% mg-dry/L using DI water to make the dilution if necessary. Algae culture was 
drawn from the concentration tank and pumped through the filter module. The filtrate was 
collected and weighed by a digital balance (Adam® CBK70A) and the retentate was recycled 
back to the 20 liter concentration tank. The algal suspension in the feed was continuously 
concentrated until 15 liters of permeate was accumulated. Permeation flow rate was measured 
over one-minute intervals with DASYlab data acquisition program. Permeation flux (J) was 
calculated by dividing the flow rates at a given time by the membrane area.  
 
Figure ‎3-1 Schematic diagram of membrane filtration system 
Algae from the concentration tank is drawn and pumped to the membrane module. 
Concentrate is recycled back to the tank and permeate is collected and weighed by the digital 
balance. Feeding flow rate and pressure in the module are adjusted by regulating the gate 
vales (G1 & G2).   
Volumetric reduction factor (VRF) and concentration factor (CF) are given by equations 1 and 2: 
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 (eq. 1) 
    
  
  
 (eq. 2) 
Where V0 and C0 were initial and Vf and Cf were final, volume and concentration respectively. 
According to equation 1, VRF for all the experiments was equal to 4. For the given setup, 
concentration factor was equal to volumetric reduction factor as no biomass exited the system. 
After each run, membranes were physically and chemically cleaned with backwashing and 
soaking in NaClO solution for 12 hours. DI water was used to ensure the restoration of 
permeation flux prior to the next experiment.  
3.3 Results and discussion 
3.3.1 Algal suspension characterization 
Microscopic images (Figure ‎3-2) were used to study the morphology of the three selected 
species. Cell size distribution graphs are presented in (Figure ‎3-3) and the results are summarized 
in Table ‎3-1. Additional data for cell size analysis can be found in Appendix A. Spherical 
Chlorella vu. cells had average diameter of 8.1 µm that was close to the longer diameter of the 
individual Scenedesmus sp. cells. However, Scenedesmus sp. was found mostly in clusters of 3 to 
10 cells. Non-regular oval-shaped Nannochloris sp. cells were the smallest, but formed 
agglomerates that could function as a single large particle in the filtration process.  
 
38 
 
 
Figure ‎3-2 Laser scanning microscopic images 
A) Scenedesmus sp. with mean cell length of 9.3 µm, mostly exist in clusters of 3-10 cells. B) 
Spherical Chlorella vu. with mean cell diameter of 8.1 µm. C) Non-regular oval-shaped 
Nannochloris sp. with mean cell diametr of 4.6 µm. 
 
 
Figure ‎3-3 Cell size distribution analysis 
Microscopic images were analyzed by ImageJ program. For each species, the sizes of 100 
cells were measured. Relative frequency was the ratio of the count of cells with a given size 
to the total number of cells sampled. The mode of the size distribution for Nannochloris sp., 
Chlorella vu., and Scenedesmus sp. were 5.2, 9.3, and 9.7 micron respectively. 
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Table ‎3-1 Cell size statistics 
Species Mean Cell Diameter (µm) 
Chlorella vu. 8.1 ± 1.3 
Nannochloris sp. 4.6 ± 0.6 
Scenedesmus sp. 9.3 ± 1.4 
 
Volume% values correspond to the ratio of the accumulated volume of all particles of a 
certain size to the total volume of the whole particles in the sample. Based on the volume% 
diagrams (Figure ‎3-4) of particle size distribution analysis (PSDA) of the 5-day old cultures, 
Nannochloris sp. had the largest particles with a mode of 60.5µm and the maximum size of 
approximately 200µm. The mode for Chlorella vu. and Scenedesmus sp. were 23.8µm and 
11.3µm respectively, neither of which had particles bigger than 100 µm. However, Chlorella vu. 
culture had a more uniform distribution compared to the others.  
An additional PSDA was performed on day 15 to investigate the influence of culture age 
on the size of particles. PSDA statistics are summarized in Table ‎3-2 and full analysis report by 
Coulter Beckman analyzer can be found in Appendix B. Scenedesmus sp. showed minor change 
in its particles’ diameter, as evidenced from the consistent mode of 11.3 µm for both fresh and 
old cultures. Although Nannochloris sp. had the biggest particles on Day-5, its distribution 
shifted to the left and attained a smaller mode of 10.3µm. This appears to indicate that the 
agitation and age broke the Nannochloris sp. clusters to individual cells on Day-15. On the 
contrary, the particles in Chlorella vu. grew and reached a mode at 50.2µm. The expansion of 
Chlorella vu. particles on Day-15 when the culture was in lower growth rate phase is in 
agreement with the results by Danquah, et al. (Danquah, et al., 2009). However, the minor 
change and inverse transition of Nannochloris sp. and Scenedesmus sp.  particle sizes contradicts 
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the reported results. These results point to the possible influence of agitation and species on 
particle sizes and cell clumping in aged cultures. 
 
Figure ‎3-4 Particle size distribution analysis with Coulter LS 200: volume% distributions 
Volume% refers to the ratio of the accumulated volume of all particles of a certain size to the 
total volume of the whole particles in the suspension. The diagrams show the transition of size 
distribution of fresh cultures (Day-5, blue) and aged cultures (Day-15, red). While Chlorella sp. 
particles grew bigger, Nannochloris sp. became smaller and Scenedesmus sp. remained almost 
unchanged. 
Number% values in Figure ‎3-5 correspond to the ratio of the number of particles of a 
certain size to the total number of particles in the suspension. In terms of numbers, the largest 
portions of particles were in sub-micron range on both Day-5 and Day-15 as the modes of 
Number% distributions for the three species on both Day-5 and Day-15 were 0.520 µm. Unlike 
the large particles, the size of sub-micron particles changed marginally over the time.  
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Figure ‎3-5 Particle size distribution analysis with Coulter LS 200: number% distributions 
Number% refers to the ratio of the number of particles of a certain size to the total number of 
particles in the suspension. In terms of numbers, the largest portions of particles were in sub-
micron range on both Day-5 and Day-15. The size distribution of sub-micron particles 
changed marginally over the time. 
As the PSDA on Day-15 indicated the possible changes in the size distribution of the particles 
over time, algal suspensions for the membrane filtration processes were selected on Day-5 in 
order to eliminate the variations to the age of the cultures. 
Table ‎3-2 Particle size distribution analysis statistics 
Comparison of particle sizes on Day-5 and Day-15. Considering the mode of volume% size 
distribution diagrams, particles of Nannochloris sp. became smaller on Day-15, Scenedemus sp. 
remained unchanged and Chlorella vu. grew bigger.  
 
Day 5 Day 15
Mean Median Mode SD CV% Mean Median Mode SD CV%
Chlorella 19.7 16.9 23.8 14.7 74.5% 29.7 28.6 50.2 19.2 64.7%
Nannochloris 41.6 36.7 60.5 34.8 83.6% 18.8 13.0 10.3 14.3 76.3%
Scenedesmus sp 24.7 18.4 11.3 19.0 76.7% 18.4 12.7 11.3 14.8 80.1%
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The influence of operational variables (CFVand TMP) and rotational impact of the 
impeller of the centrifugal pump on cell-shearing was investigated by passing the algal 
suspension through a closed loop filtration system under the same filtration condition. The 
suspension was pumped for two hours and samples were collected at 30-minute intervals. 
Microscopic images indicated no significant cell-shearing and consequently no change in PSD 
occurred during the filtration process (Figure ‎3-6 and Figure ‎3-7). 
 
Figure ‎3-6 Algal cells before filtration 
 
 
Figure ‎3-7 Algal cells after two hours of 
filtration – no significant cell-shearing was 
observed 
3.3.2 Comparison of filterability 
The permeation flux versus time graphs for crossflow microfiltration of the three algal 
strains with tubular microfilters of three different pore sizes are presented in (Figure ‎3-8). 
Among the nine combinations of strains and pore sizes, the highest permeation flux resulted 
from Nannochloris sp. filtered by 0.05 µm membrane (the uppermost curve in Figure ‎3-8) in 
which the target reduction factor (4×) was achieved in the shortest time (43 minutes), with an 
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average permeate flux of 303 (L/m
2
.h). In contrast, concentrating Scenedesmus sp. with 0.5 µm 
membrane (the lowermost curve in Figure ‎3-8) took the longest time (201 minutes), with an 
average flux of 64 (L/m
2
.h), therefore, was the most energy intensive combination.  
The influence of membrane pore size for a given species can be investigated by the 
graphs in Figure ‎3-9. For all the species, the smaller the pore size, the higher was the permeate 
flux. Consequently, the membrane with the smallest pore size (0.05 µm) required the lowest 
amount of energy for concentration process. 
 
Figure ‎3-8 Permeation flux excursion of selected strains filtered by membranes with different 
pore sizes 
Each curve belongs to a combination of a membrane and an algae species. Nannochloris sp. 
filtered by 0.05 µm membrane resulted in the highest flux and the shortest concentration time 
(the uppermost curve). In contrast, Scenedesmus sp. filtered by 0.5 µm membrane (the 
lowermost curve) resulted in the lowest flux had the longest processing time. 
In another study, Kawakatsu and coworkers (Kawakatsu, et al., 1993) observed an increase in 
steady state flux of crossflow filtration of Saccharomyces Cerevisiae yeast when the diameter of 
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the membrane’s pores was smaller than one-tenth of the particles’ diameter. In such a case, 
hydraulic resistance of the membrane (Rm) was found to be too large to form a thick cake layer 
and did not allow the resistance by cake (Rc) grow significantly. Similar justification could be 
applied to the high flux of 0.05 µm membrane which had pores approximately with one-tenth of 
the diameter of the most frequent observed particles in the algal suspensions (0.520 µm in 
number% distributions). In contrast, in crossflow filtration of nonbiological particles, decreasing 
membrane pore size an order of magnitude below the particle diameter decreased the steady state 
flux and increased the resistance of the deposited particles (Connell, et al., 1999). 
The three strains had varied flux values for a given membrane pore size. This variation 
was anticipated from their different cell morphology and size distribution of the particles in their 
culture suspension. Based on average fluxes (Figure ‎3-10), Nannochloris sp. generated the 
highest flux, followed by Chlorella vu. and Scenedesmus sp., respectively. Identical order was 
observed for the different pore sizes as illustrated in Figure ‎3-10. 
Deposition of materials in tangential filtration for a given CFV and TMP is size 
dependent and only particles smaller than a critical size will deposit (Lu & Ju, 1989; Foley, et al., 
1992; McCarthy, et al., 2002). This can explain the reason for the lower flux of Scenedesmus sp. 
which had the largest fraction of small particles. In addition, similar to the conclusions by Mota 
and colleagues (Mota, et al., 2002), elongated cells like Scenedesmus form a cake layer with 
higher resistance compared to spherical cells like Chlorella and Nannochloris. In other words, as 
Scenedesmus cells were more affected by shear-induced arrangement, they form a dense brick-
like cake layer with higher tortuosity which resulted in the higher cake resistance. 
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Figure ‎3-9 Influence of membrane pore size 
For the three selected species, the membrane with the smallest pore size (0.05 µm) resulted in 
the highest flux. The lowest flux was achieved with the membrane with the largest pore size 
(0.5 µm). 
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Figure ‎3-10 Average permeation flux for the selected strains filtered by different membranes 
Identical order of Nannochloris sp., Chlorella vu., and Scenedesmus sp. was observed for the 
average flux by any given membrane pore size.   
3.4 Conclusions 
Analysis of the culture suspension of three algal strains showed that the particle size 
distributions were strain dependent and were influenced by the culture age. Particle size 
distributions did not comply with the cell size distributions, e.g. the culture of Scenedesmus sp. 
with the biggest cells (9.3 µm) had the smallest particles (11.3 µm) among the selected strains 
with the same age. Provided the same initial concentration (134 ± 2% mg-dry/L) and volumetric 
reduction factor (4X), for a given membrane pore size under the same operational conditions, the 
permeation flux of tubular crossflow microfiltration of fresh cultures (Day-5) was highest for 
Nannochloris sp. with the biggest particles (60.5 µm) and smallest cells (4.6 µm). For a given 
strain, the concentration process resulted in the highest permeation rate through the membrane 
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with the smallest pore size that was 0.05 µm. Among the nine combinations of algal strains and 
membrane pore sizes, the highest average permeation flux (303 L/m
2
.h) resulted from 
Nannochloris sp. filtered by 0.05 µm membrane, while the lowest flux (64 L/m
2
.h) was achieved 
from Scenedesmus sp. filtered by 0.5 µm membrane. 
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4. OPTIMIZATION OF TUBULAR CROSSFLOW MICROFILTRATION 
IN HARVESTING MICROALGAE 
4.1 Introduction 
Microalgae have been cultivated as a feedstock for production of proteins, β-carotene, 
glycerol, pharmaceutical formulations and also for fine chemicals such as pigments, biopolymers 
and carbohydrates like docosahexaenoic acid. Carotenoids and antioxidant substances for 
commercial or pharmaceutical purpose can be also obtained from some microalgae species 
(Spolaore, et al., 2006; Raja, et al., 2007; Besada, et al., 2009; Harun, et al., 2010; Kirrolia, et al., 
2013). Apart from human uses, they are widely incorporated into feed for aquaculture, pets and 
farm animals (Singh & Gu, 2010). Various types of biofuel can also be produced from 
microalgae through thermochemical and biochemical processes (Chisti, 2007; Chisti & Yan, 
2011; Demirbas, 2011), however algae for the sole purpose of biofuel has not been economically 
viable yet.  
Harvesting biomass from culture medium is the challenging step of algal production 
which can account for 20-30% of the total cost of production (Brennan & Owende, 2010). This is 
mainly owing to fragile and small cells (typically 2-40 µm in diameter) with a density close to 
water (typically 0.3-5 g-dry/L) (Li, et al., 2008), and very dilute culture that requires massive 
amount of water to be removed to recover biomass (Alabi, et al., 2009; Amaroa, et al., 2011; 
Ríos, et al., 2012). Harvesting systems are typically composed of two dewatering stages, where 
Stage 1 concentrates the culture from 0.1 g-dry/L to 10-20 g-dry/L (or 1-2% wt./v), and 
centrifugation in Stage 2 produces a final algal biomass with ~200 g-dry/L (20% wt./v) (Dassey, 
et al., 2014; Dassey, 2013). Energy required for centrifugation have been reported to be 3 
kWh/kg of algae (Schenk, et al., 2008) and 1.3 kWh/m
3
 of pond water (Dassey & Theegala, 
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2013). Membrane filtration can be a viable method as Stage 1 microalgal harvesting technique 
due to the improvements in membrane manufacturing technology, expansion of applications, and 
the consequent cost reductions (Zhang, et al., 2010). It also offers several advantages. In this 
process no coagulant is added, therefore biomass refinery and downstream processes are 
simplified. Debris, bacterial loads, protozoa, and viruses are removed while nutrients are retained 
in culture medium so it can be recycled for further use (Zhang, et al., 2010). This characteristic 
makes membrane technology a suitable method for the production of organic and highly-purified 
products. The required energy for an integrated hollowfiber-tubular membrane system for 
dewatering Nannochloropsis sp. with an initial feed concentration of 1.5-2 g-dry/L up to a 100X 
volumetric reduction was estimated at 0.3−0.7 kWh/m3 (Bhave, et al., 2012). To dewater algal 
cultures with 0.21-0.25 g-dry/L biomass density, the total energy consumption for a 15X 
membrane concentration followed by centrifugation up to a final 25% w/v biomass paste was 
estimated to be 0.77 and 0.84 kWh/m
3
 for the algae species C. vulgaris and P. tricornutum, 
respectively (Bilad, et al., 2013). However, depending on the filtration system, the energy 
required for membrane process can be even higher than the centrifugation alone. In such cases, 
this technique will be feasible only for products with very high value.  
Membrane filtration suffers from clogging and formation of a fouling layer on the surface 
of the membrane that reduces the filtrate flow rate, prolongs the processing time, and increases 
the energy and cleaning costs. Fouling can be substantially mitigated in crossflow filtration in 
which the feeding flow is passed tangential to the surface of the membrane creating shear force 
and turbulence to reduce fouling (Schenk, et al., 2008; Ríos, et al., 2012; Abdelaziz, et al., 2013). 
Permeation flux is influenced by membrane material and pore size, membrane resistance, 
operating condition (transmembrane pressure (TMP), crossflow velocity (CFV) and temperature) 
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and characteristics of the feed suspension (Baerdemaeker, et al., 2013). Increasing TMP 
enhances the flux up to a point that further increase results in negligible change in permeation 
rate due to thickening of fouling layer. Higher turbulence and shear force due to increasing 
crossflow velocity enhances the flux (Ríos, et al., 2010). However excessive shear force in 
filtration of microalgae may promote cell breakage and release of exopolymeric substances 
(EPS) and algogenic organic matters (AOM) or formation of cell fragments and smaller particles 
and loss of biomass (Bilad, et al., 2013). Small colloidal species, AOMs and EPSs that are 
mainly protein, polysaccharides or polysaccharide-like substances cause irreversible or severe 
fouling that cannot be simply removed by physical cleaning methods (Ladner, et al., 2010; Qu, et 
al., 2012; Rickman, et al., 2012; Zhang, et al., 2012; Zhang, et al., 2013; Zhang, et al., 2013; 
Huang, et al., 2014). Therefore membrane filtration should be operated under optimized 
condition in terms of TMP and CFV to yield the highest permeation rate. The objective of this 
research was to evaluate the performance of a bench-scale tubular crossflow microfilter in 
concentrating algal suspension and to optimize the operating variables. Under the optimized 
pressure and feeding flow rate, a backwashing technique with compressed air was investigated to 
identify the best backwash frequency which leads to the maximum permeation. Finally, the 
energy for scaled-up filtration process was estimated.  
4.2 Methods 
4.2.1 Algae cultures 
In order to be consistent with preceding study (Dassey & Theegala, 2013) conducted on 
the application of centrifugation in harvesting microalgae, Nannochloris sp. algae with circular 
shape and cell diameter of approximately 4-5 µm was selected for microfiltration experiments. 
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Cultures were batch-grown in three detached 90 liter cylindrical photobioreactors using F/2 
Guilard’s media. Carbon dioxide was supplied to the culture by injecting pressurized air through 
air stones. Air injection also provided adequate turbulence to maintain the cells in suspension. 
Algal growth was monitored by measuring the optical density (OD) of the samples taken on a 
daily basis. OD readings were calibrated against total suspended solid concentrations for 
Nannochloris sp. cultivated in similar conditions. Cultures were used in microfiltration 
experiments when the algae reached the target concentration. This concentration for 
transmembrane pressure and crossflow velocity optimization experiments (conducted in fall 
2013) was 134±2% (mg-dry/L) and for backwashing experiments (conducted in spring 2014) 
was 200±2% (mg-dry/L).  
4.2.2 Filtration System 
A tubular crossflow microfiltration module that was provided by POREX® was used in 
the experiments. The 1829 mm long module was composed of a single polyvinylidene fluoride 
(PVDF) membrane tube with 12.7 mm internal diameter and 0.07 m
2
 total active membrane 
surface area encased in a cylindrical PVC housing. The nominal membrane pore size of 0.05 µm 
was selected for this study as it was identified as the best size for filtering microalgae in the 
preliminary experiments. Figure ‎4-1 shows a schematic of the membrane system and photos of 
the actual system can be found in Appendix C. Algal slurry was pumped by a centrifugal pump 
to one end of the module and the retentate exited the module from the opposite side, while the 
filtrate (permeated water) drained from a port located in the middle of the module. A digital flow 
meter measured the feeding flow to the module and two gate valves installed on the inlet of the 
pump and outlet of the module were used to regulate the flow and pressure. A digital balance 
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connected to a computer and data acquisition system was used to measure the filtrate flow rate 
over the desired time spans.  
 
Figure ‎4-1 Schematic diagram of filtration system 
Culture was drawn from the concentration tank and pumped to the microfiltration module. 
Retentate was recirculated back to the concentration tank, and filtrate (permeate) was 
collected in a container and weighed by the digital balance. As the filtrate was removed from 
the system (the region within the dashed borders), fresh algal suspension was gravity fed with 
a rate equal to the filtrate flow rate, to the concentration tank via a float valve. Feeding flow 
rate that was adjusted by regulating the gate valves. During backwashing, the solenoid valve 
on the filtrate stream was closed and the other valve on the compressed air side was opened. 
The repetetive pumping heated the culture water. A cold water cooling loop was installed to 
maintain the culture temperature within the 29-31°C range.   
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4.2.3 Pressure and flow rate optimization 
To determine the optimized combination of crossflow velocity (CFV) and transmembrane 
pressure (TMP) which resulted in the highest possible permeation flux, filtration system was set 
to recycle mode. The CFV recommended by membrane module manufacturer was in the range of 
3.5 to 5.6 m/s, which required the flow rate to the module be 26.6 to 42.5 (L/min). According to 
the manufacturer the module was capble of tolerating up to 827.4 kPa (120 psi) TMP. For each 
series of experiments a fixed CFV was set while TMP was adjusted to the starting value of 34.5 
kPa (5 psi). Filtration was continued until a stabilized flux was reached. In the next step, TMP 
was increased by 34.5 kPa to attain the next higher steady state flux. Filtration was continued 
until additional TMP increases did not yield a corresponding flux enhancement. For the next set 
of experiments, a higher CFV was selected and similar method was practiced. The studied 
feeding flow rates were: 27, 32, 37, and 42 (L/min), which correspond to a CFV of: 3.55, 4.21, 
4.87, and 5.53 m/s.  
4.2.4 Backwash optimization 
The filtration system that was used for the experiments in  4.2.3 was modified to be 
capable of processing larger volumes and concentrating the culture up to 1% wt./v. A 219 liter 
barrel was used as the main algae reservoir. The volume of filtration loop including the 
concentration tank was 26 liters; therefore the total initial volume was 245 liters. As filtrate 
exited the system, fresh algal suspension from the reservoir was gravity fed to the concentration 
tank at a flow rate equal to the filtrate flow through a float valve that maintained a constant 
volume in the tank. As the permeate was removed, the concentration of the algal suspension 
increased continuously. The filtration process was continued until the fresh algae reservior was 
completely discharged to the concentration tank and 240.5 liters of filtrate was collected. At this 
54 
 
point, the culture volume was reduced to 4.5 liters, resulting in a 54.45 volumetric reduction 
factor (245/4.5). Since the initial culture density was 200±2% (mg-dry/L) and no alga was 
observed in the samples taken from the filtrate, the culture finally reached a 10.89±2% (g-dry/L) 
concentration or a mean of 1.089% wt./v. The average permeation flux was computed using the 
following equation: 
              
                                
                                               
 
The volume of the collected filtrate and membrane surface area for all experiments were 240.5 
liters and 0.07 m
2
, respectively. Backwash was done by blowing a 20 psi compressed air for 20 
seconds to the filtrate stream as recommended by the manufacturer. Relays were used to turn on 
the pumps during forward filtration and stop them during backwashing. Two solenoid valves 
controlled the flow of filtrate water and compressed air in forward and backwash cycles. In the 
forward mode, the membrane tube was flooded by the filtered water accumulated in the module 
housing. When air was blown, the filtrate water surrounding the membrane was forced through 
the membrane in the opposite direction of the normal filtration flow, dislodging the solids 
deposited on the surface of the membrane. Due to the small membrane area of this pilot-scale 
setup, algal culture had to be recirculated in the system for a long duration of time, in order to 
achieve the target final concentration. However, processing time in large scale applications is 
much shorter as a large number of modules are connected together providing higher combined 
permeation rate. To control the temperature of the culture and prevent overheating due to 
prolonged pumping, a cooling loop composed of a copper coil was placed inside the 
concentration tank. All data acquisition and automated functions such as adjusting the desired 
backwash frequency, triggering the cooling loop and maintaining the temperature within 29-31 
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°C were performed by DASYlab program. Screen-shot photos of this program and wiring design 
for the electronic devices can be found in Appendix D. Figure ‎4-2 and Figure ‎4-3 show the initial 
culture and the concentrated culture after filtration. In addition to a simple filtration run without 
backwashing, to attain the highest possible flux, four backwash frequencies were examined: 2, 3, 
4 and 6 backwashes per hour i.e. the interval between two consecutive backwashes were 30, 20, 
15, and 10 minutes, respectively.  
 
Figure ‎4-2 Culture before (left) and after 
filtration (right) 
 
Figure ‎4-3 Concentration tank, retentate (left) 
and feed (right) streams 
 
4.3 Results 
4.3.1 Operating variables optimization 
The results for optimization of hydrodynamic variables are presented in Figure ‎4-4 and 
raw data can be found in Appendix E. When filtration was operated at any constant crossflow 
velocity, increasing transmembrane pressure from 34.5 kPa (5 psi) up to 172.4 kPa (25 psi) 
caused the permeation flux to increase. However, for TMP increases beyond that point, flux 
either dropped or remained approximately unchanged. At TMPs above 220 kPa (32 psi), 
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spectrophotometry of the samples taken from filtrate demonstrated the passage of disrupted cells 
through the membrane. Therefore for all the tested velocities, the TMP of 172.4 kPa was found 
to be the optimal value and the region below that was regarded to be the pressure dependent 
zone. Danquah, et al. (Danquah, et al., 2009) reported 207 kPa (30 psi) as the optimal TPM for 
tangential flow filtration of Tetraselmis suecica algae. This discrepancy is not unusual because 
the optimized hydrodynamic condition varies for different filtration systems with dissimilar 
module geometry, membrane pore size, algae strain, and broth concentration. Similar to 
observations by Ahmad, et al (Ahmad, et al., 2012) on the influence of the CFV and the TMP on 
the steady state permeation flux, the same trend was observed for any given CFV and the 
maximum flux was achieved with the highest velocity and turbulence. However, as mentioned 
earlier, too much turbulence especially for fragile strains can cause cell damage and release of 
algogenic organic matter (AOM), which are thought to be severe membrane foulants.  
Microscopic observations on processed cultures did not show significant cell disruption at 5.53 
m/s velocity. Thus this CVF generated by a 42 L/min feeding flow was determined to be the 
optimal value.  
4.3.2 Flux enhancement results 
Backwash frequency was the variable studied in flux enhancement experiments. Filtration 
system was set at the optimal values for transmembrane pressure (TMP) and crossflow velocity 
(CFV) determined previously and the process was continued for an extended period to 
concentrate the culture to the target 1% wt./v density. Figure ‎4-5 through Figure ‎4-10 show 
permeation flux versus time graphs. The average permeation flux for the run without 
backwashing was 246.98 (L/m
2
.h). This relates to 240.5 liters of filtrate water passing the 
microfiltration module with 0.07 m
2
 membrane surface area in approximately 14 hours. This flux 
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was substantially higher than the filtration system evaluated by Ahmad and coworkers (Ahmad, 
et al., 2012), in which the culture density remained constant during the process.  
 
Figure ‎4-4 TMP and CFV optimization 
Increasing feeding flow rate resulted in higher permeation flux. The limiting transmembrane 
pressure above which no more flux increases were observe was found to be at 172.4 kPa (25 
psi) for all the tested flow rates. Maximum flux of 373 L/m
2
.h was achieved at the flow rate 
of 42 L/min resulting a crossflow velocity of 5.53 m/s, and transmembrane pressure of 172.4 
kPa (25 psi).  
In the current system, flux dropped very slowly from an initial value of 520 to the final value of 
205 (L/m
2
.h) when the culture had been concentrated 54.5 times over a course of ~14 hours. In 
contrast to this slow decline, the flux in their system (Ahmad, et al., 2012) declined from 700+ to 
100+ (L/m
2
.h) in a mere 80 minutes. 
150 
200 
250 
300 
350 
400 
0 50 100 150 200 250 
St
ea
d
y 
St
at
e 
Fl
u
x 
(L
/m
2
.h
) 
Transmembrane Pressure (kPa) 
27 32 37 42 Feeding flow rates (L/min): 
58 
 
 
Figure ‎4-5 Permeation flux versus time - comparison of filtration without backwashing and 
with backwashing with different frequencies 
The run with 20-min backwash interval had the highest average flux and the shortest 
processing time. 
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Figure ‎4-6 Filtration without backwashing 
The filtration run without backwashing reached the target concentration after 13h:55m, 
resulting an average flux of 246.98 L/m
2
.h. Initial and final fluxes were 540 and 206 L/m
2
.h, 
respectively. 
 
Figure ‎4-7 Filtration with 30-min backwash interval 
2 backwashes per hour (30 min backwash interval) enhanced the average flux by 26.8% to 
313.13 L/m
2
.h. The culture reached the target concentration after 10h:58m. Initial and final 
fluxes were 540 and 278 L/m
2
.h, respectively. 
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Figure ‎4-8 Filtration with 20-min backwash interval 
3 backwashes per hour (20 min backwash interval) yielded an average flux of 322.1 L/m
2
.h. 
This backwashing regime enhanced the flux by 30.4% and shortened the concentration 
processing time to 10h:40m. Initial and final fluxes were 537 and 280 L/m
2
.h, respectively. 
 
Figure ‎4-9 Filtration with 15-min backwash interval 
Increasing the frequency to 4 backwashes per hour (15 min backwash interval) did not result 
in a higher average flux compared to the 20-min run. This backwashing regime enhanced the 
average flux by 23.8% to 305.85 L/m
2
.h, and the culture reached the target concentration after 
11h:14m. Initial and final fluxes were 535 and 262 L/m
2
.h, respectively. 
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Figure ‎4-10 Filtration with 10-min backwash interval 
4 backwashes per hour (10 min backwash interval) was the least effective frequency. This 
appears to be due to too many stops and dilution which offset the flux restoration effect of 
backwashing. However, comparing to the run without backwashing, this frequency improved 
the average flux by 18.5% to 292.68 L/m
2
.h. The target concentration was avhieved after 
11h:44m. Initial and final fluxes were 543 and 260 L/m
2
.h, respectively. 
 
The comparison of the average fluxes obtained from different backwashing frequencies is 
presented in Figure ‎4-11. The results indicate that decreasing backwash interval from 30 min to 
20 min resulted in the maximum flux. However, flux was decreased at 15 min and reached the 
minimum at 10 min. More frequent backwashing did not necessarily promote the overall flux. At 
higher backwash frequencies, the loss of filtrate flow during the numerous backwash periods 
exceeded the incremental increase in flux rate. It can be seen that the 20-minute run time or a 
backwash frequency equal to 3 (hr 
-1
) was the optimized condition resulting in the highest 
permeation rate.  
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Figure ‎4-11 Comparison of average flux of different backwashing frequencies 
Although all the four tested backwash frequencies resulted in average pemeation fluxes higher 
than the run without backwashing, the most effective regime was a backwash in every 20 
minutes. 
 
Filtration with the optimized backwashing frequency was performed in triplicate runs. 
During each run, flux was recorded at 65-min time spans. The triplicate runs on average yielded 
a permeation flux of 326.04 ± 4.14 L/m
2
.h. The results are presented in Figure ‎4-12 and 
additional data of these experiments can be found in Appendix F. 
Chen and coworkers (Chen, et al., 2012), also reported the 20-min backwashing interval 
as the best regime for harvesting Scenedesmus sp. with a 2 µm PVDF membrane. Their second 
best frequency was 30 min interval. However, further decreasing the run-time from 20 to 10 min 
lowered the average flux, which can be attributed to the shortened online filtration time and the 
negative effect of minor dilution due to more frequent backwashing on the concentration process. 
On the contrary, in a study on air assisted backwash in harvesting Scenedesmus quadricauda 
with a 50 kDa PVC hollow fiber membrane, Zhang and coworkers (Zhang, et al., 2010) 
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discovered a continuous increase in permeation flux when backwashing intervals decreased from 
60 to 10 min. 
 
Figure ‎4-12 Triplicate Runs with 20-min Backwashing 
Filtration with 3 backwashes per hour (20-min interval) was performed in triplicate runs. Each 
point corresponds to an average of the three fluxes recorded at a certain time, and error bars 
indicate the maximum-minimum range. The three runs on average yielded permeation flux of 
326.04 ± 4.14 L/m
2
.h that resulted in 32% flux enhancement. 
 
This study demonstrated that backwashing could optimally enhance the average flux by 
32%. However, Baerdemaeker and coworkers (Baerdemaeker, et al., 2013), observed 300% 
higher fluxes for backwashable membranes compared to submerged flat panel PVC membranes. 
This significant difference is basically due to dissimilar membrane configurations and operation 
conditions. The hydraulic configuration of submerged membrane is dead-end or direct filtration 
that does not have an integral antifouling feature, while the current study evaluated a tangential 
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flow filter in which fouling was already reduced by turbulence and shear force of crossflow 
feature, hence, backwashing was performed as an auxiliary cleaning technique. Other methods 
that might improve backwashing are air scouring and gas sparging (mixing air to the feed stream 
prior to entering the module). In a study by Zhang, et al. (Zhang, et al., 2010) pulsated air 
scouring during backwashing exhibited 99% flux restoration, while backwashing alone could 
recover 92% of the initial flux. In a different study, air sparging individually resulted in 61% flux 
improvement in microfiltration of Chlorella sp. algae with an optical density of 1.0 at 550 nm 
wavelength (Javadi, et al., 2014). 
The maximum flux of 326.04 (L/m
2
.h) that was achieved by three backwashes per hour, 
was higher than the values reported in other studies on concentration of microalgae with 
membrane filtration such as (Baerdemaeker, et al., 2013), (Zhang, et al., 2010), (Danquah, et al., 
2009), and (Rossi, et al., 2004). This superiority is not necessarily due to utilizing different 
filtration systems; but it can also be the result of variations in initial culture densities, target 
concentration factors, and microalgal strains. For example the initial culture densities examined 
by the first two groups were 2 and 1.04 g-dry/L, respectively. In the current work, culture 
concentration was initially ~0.2 g-dry/L, which is within the typical range of algae production in 
open ponds (0.2-0.6 g-dry/L) according to Bruton, et al. (Bruton, et al., 2009). 
4.3.3 Estimation of pumping energy for large scale filtration 
As mentioned earlier, the maximum transmembrane pressure that Nannochloris sp. cells 
could tolerate without cell disruption through the membrane was observed to be 220 kPa (32 
psi). Therefore, the pressure at the side of the module that was connected to the feeding pump 
(i.e. pump pressure) had to be equal to or lower than 220 kPa. According to POREX TMF 
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Design (PTD) software, the head loss along one single module for the crossflow velocity of 5.53 
m/s was equal to ~64 kPa (9 psi). Given this head loss and the maximum pressure at the pumping 
side, at most three modules could be connected in series. It resulted in a 30 kPa pressure at the 
retentate side of the module train and provided an average TMP of 125 kPa which was 
significantly less than the optimized 172.4 kPa. In case of two modules in series, the outlet 
pressure would be ~100 kPa leading to an average TMP of 160 kPa (23.2 psi) which was close to 
the optimum pressure. Due to higher local TMP at the outlet end of the 2-module train, the 
membrane at the end contributed more in filtration process than that of the train with three 
modules. For hypothetical calculations, the filtration was scaled up to a system with 1.4 kW (~2 
hp) pumping power using the PTD design tool. The projected system was composed of 12 
modules arranged in 6 parallel trains of two membranes connected in series (Figure ‎4-13). Given 
the total membrane area of the 12 modules (0.84 m
2
) and assuming the optimized flux of 326 
L/m
2
.h obtained from the previous experiments, the designed system produced a filtrate flow rate 
of 0.274 m
3
/h. The pumping energy required for removing 1 m
3
 of water was estimated to be: 
            
 
   
  
 
  
          
                   
 
  
 
 
  
        
      
 
  
 
 
       
 
   
  
 
 
Not only was the pumping energy requirement for this filtration system 6-17 times 
greater than the corresponding figures reported in previous membrane filtration works (Bhave, et 
al., 2012; Bilad, et al., 2013), but it was also 4 times greater than the energy consumption of 
centrifugation reported by Dassey and Theegala (Dassey & Theegala, 2013). Bilad and 
coworkers (Bilad, et al., 2013) utilized a submerged membrane which did not have the crossflow 
feature. Therefore, the pumping energy for that system was considerably lower than crossflow 
membrane used in this study. However, the low fluxes obtained by their submerged membrane 
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(29.75 - 42.50 L/m
2
.h) makes that system unsuitable for large scale applications and increases 
the capital costs as larger membrane area is required. The integrated filtration system used by 
Bhave and coworkers (Bhave, et al., 2012) involved hollow fiber modules composed of thin 
tubes with 1.4 and 2.6 mm internal diameter (i.d.), and tubular modules with 7 and 10 mm i.d. 
tubes that were operated at low crossflow velocities (<1 m/s for hollow fiber and 2-4 m/s for 
tubular). These modules require much lower energy for pumping the liquid compared to the 
current 12.7 mm i.d. tube that was fed with a flow velocity of 5.53 m/s. In addition, application 
of energy efficient hollow fiber module for dewatering 90-95% of the culture media prior to the 
tubular membrane significantly saved the energy requirement for the integrated system.  
The high pumping energy requirement for the tested module was mainly due to high 
crossflow velocity that resulted in the maximum flux. The highest flux is beneficial if the lowest 
capital cost and the smallest space for the filtration system are the top priorities. For a minimum 
energy scenario, energy estimations were done on different system configurations under varied 
crossflow velocities and transmembrane pressures. In a similar way, the pumping energy 
required for a 4X concentration process was computed using the data from optimization 
experiments presented in Figure  4-4. The results are given by Figure  4-14 and additional data are 
provided in Appendix G. Energy requirement at the TMP of 137.9 kPa (20 psi) and the lowest 
CFV (3.55 m/s) which allowed the connection of 6 modules in series reached the minimum 1.18 
kWh/m
3
. This energy requirement is comparable to 1.3 kWh/m
3
 for centrifugation reported by 
Dassey and Theegala (Dassey & Theegala, 2013). As shown in Figure ‎4-14, increases in CVF at 
any given TMP increased the pumping energy requirement. However, for a given CFV, 
minimum energy is achieved at an optimized TMP within the range of 103-138 kPa (15-20 psi). 
Despite the high operational costs of the tested microfiltration system in both maximum flux and 
67 
 
or minimum energy scenarios, it can be a valuable Stage 1 harvesting technology for specific 
applications that cannot tolerate chemical coagulant or those that require a high degree of purity. 
 
 
 
Figure ‎4-13 Tubular Membrane Filtration System Design 
A: schematic arrangement of 6 parralel membrane trains each composed of 2 membranes 
connected in series. B: This large scale filtration system analysis model was created by 
POREX TMF Design (PTD) software. Maximum pump pressure was set at 220 kPa (2.2 bar or 
32 psi). The membrane segment includes is composed of 6 parallel trains of two modules in 
series.  
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Figure ‎4-14 Estimation of pumping energy for different system configurations 
 
4.4 Conclusions 
Performance of a bench-scale tubular crossflow microfilter in concentrating algal 
suspension up to a 54.5 volumetric reduction factor was evaluated. In order to maximize the 
filtration flux, optimal values of operating variables including crossflow velocity and 
transmembrane pressure were determined to be 5.53 m/s and 172.4 kPa, respectively. While the 
highest tested CFV generated the highest permeation flux, TMPs above 172.4 kPa were not 
effective in flux enhancement. Air assisted backwashing was utilized as a physical cleaning 
method. The effectiveness of backwashing exhibited to be a function of backwash frequency. 
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The most effective backwash interval was 20 min which led to the highest permeation flux of 
326.04 (L/m
2
.h). For the maximum flux scenario, the pumping energy required for a large scale 
filtration process was estimated to be 5.11 kWh/m
3
 of pond water. However, for the TMP of 
137.9 kPa and at the lowest CFV (3.55 m/s), pumping energy reached the minimum 1.18 
kWh/m
3
. Despite the high operational costs of the tested microfiltration system in both maximum 
flux and or minimum energy scenarios, it can be a valuable Stage 1 harvesting technology for 
specific applications that cannot tolerate chemical coagulant or those that require a high degree 
of purity.  
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5. FINAL CONCLUSIONS 
A pilot-scale tubular crossflow microfiltration system was constructed to evaluate the 
performance of membrane technology in concentrating microalgal cultures as an upstream 
process for final dewatering by centrifugation. Membrane filtration was found to be strain and 
particle size dependent all the membranes tested. The highest permeation flux was achieved with 
Nannochloris sp., followed by Chlorella vulgaris, and Scenedesmus sp., respectively. Particles 
analysis showed that the distribution of the size of the particles in the culture water was not 
dependent on the cell size distribution as Nannochloris sp. with the smallest cells (4.6 ± 0.6 µm) 
had the largest particles.  It was demonstrated that the culture with larger fraction of smaller 
particles would be more difficult to concentrate with microporous membranes. Examination of 
three pore sizes, all smaller than the cells, proved that the membrane with the smallest size (0.05 
µm) yielded the highest flux. For a maximum flux scenario, the optimized combination of 
operating variables were determined to be a transmembrane pressure (TMP) of 172.4 kPa (25 
psi) and a crossflow velocity (CFV) of 5.53 m/s, which was achieved at a 42 L/min feeding flow 
rate. Further increasing the pressure did not result in flux improvement, although the highest 
examined velocity generated the greatest permeation rate. Air assisted backwashing was 
evaluated as a physical cleaning method. A 20-minute backwash interval exhibited the highest 
average permeation rate, but more frequent backwashing decreased the filtration flux due to 
increased filtration time. This cleaning regime led to a 32% flux enhancement compared to a 
simple run without backwashing when concentrating a culture with 0.2 (g-dry/L) to 10.89 (g-
dry/L) or ~1.1% wt./v i.e. a 54.5 volumetric reduction factor.  
Under the combination of the optimized operating variables and backwashing frequency, 
a maximum average permeation flux of 326.04 ± 4.14 (L/m
2
.h) was achieved for Nannochloris 
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sp. algae. This is a key design parameter that can be used for future studies and designing large-
scale microalgal biomass production facilities. For the maximum flux scenario and with the 
manufacturer’s recommended guidelines, the pumping energy required for a scaled-up filtration 
process was estimated to be 5.11 kWh/m
3
 of pond water. Lower energy requirement was 
achieved at lower CFVs. For the TMP of 137.9 kPa and at the lowest CFV (3.55 m/s), the 
pumping energy reached the minimum 1.18 kWh/m
3
 which was comparable to the energy 
requirement of centrifugation. Despite the high operational costs of the tested microfiltration 
system in both maximum flux and or minimum energy scenarios, it can be a valuable Stage 1 
harvesting technology for specific applications that cannot tolerate chemical coagulant or those 
that require a high degree of purity.  
Lager membrane area will provide higher production rate at the expense of more 
membrane modules and pumping energy. Many other factors such as capital, the scale of 
production facility, space, instrumentation and automation level, membrane life and replacement 
costs, maintenance, pumping system, energy and labor costs, and sustainability concerns should 
be taken into account for a realistic cost-energy-environmental impact assessment. Furthermore, 
membranes that permit a different operational configuration (e.g. connecting 6 modules as 
opposed to 2 modules) can drastically alter the pumping cost. 
Advancement of membrane manufacturing and development of membrane applications in 
diverse industries has been making this technology more promising and economically 
advantageous. But to increase the productivity of the membrane filtration of algae, further 
research should be conducted on flux enhancement techniques like membrane surface 
modification, gas sparging, pulsatile flow, intermittent jets, turbulence promoting baffles, and 
electrical methods.  
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APPENDIX A: RAW DATA, GRAPHS, AND STATISTICS FOR CELL 
SIZE DISTRIBUTION ANALYSIS BY IMAGEJ PROGRAM 
Appendix A - 1 Chlorella vulgaris cell sizes 
# Label Length (µm)   # Label Length (µm)   # Label Length (µm) 
1 Chlorella 9.1 
 
35 Chlorella 8.3 
 
69 Chlorella 8.8 
2 Chlorella 7.8 
 
36 Chlorella 9.8 
 
70 Chlorella 9.8 
3 Chlorella 5.4 
 
37 Chlorella 7.8 
 
71 Chlorella 8.5 
4 Chlorella 6.6 
 
38 Chlorella 7.5 
 
72 Chlorella 8.6 
5 Chlorella 8.4 
 
39 Chlorella 8.4 
 
73 Chlorella 7 
6 Chlorella 9.6 
 
40 Chlorella 6.5 
 
74 Chlorella 8.7 
7 Chlorella 7.7 
 
41 Chlorella 8.5 
 
75 Chlorella 8.1 
8 Chlorella 9.1 
 
42 Chlorella 8.6 
 
76 Chlorella 9.2 
9 Chlorella 9.6 
 
43 Chlorella 7.3 
 
77 Chlorella 8.2 
10 Chlorella 9.5 
 
44 Chlorella 9.2 
 
78 Chlorella 10.2 
11 Chlorella 9 
 
45 Chlorella 9.6 
 
79 Chlorella 10.3 
12 Chlorella 9.9 
 
46 Chlorella 10.1 
 
80 Chlorella 8 
13 Chlorella 9.1 
 
47 Chlorella 6.8 
 
81 Chlorella 8.2 
14 Chlorella 7.4 
 
48 Chlorella 6.1 
 
82 Chlorella 10 
15 Chlorella 5.5 
 
49 Chlorella 8.4 
 
83 Chlorella 6.2 
16 Chlorella 7.3 
 
50 Chlorella 6.3 
 
84 Chlorella 6.3 
17 Chlorella 8.3 
 
51 Chlorella 5.4 
 
85 Chlorella 7.2 
18 Chlorella 8.4 
 
52 Chlorella 6.7 
 
86 Chlorella 7.1 
19 Chlorella 7.9 
 
53 Chlorella 5.9 
 
87 Chlorella 8.1 
20 Chlorella 6.5 
 
54 Chlorella 5.6 
 
88 Chlorella 7.1 
21 Chlorella 8.9 
 
55 Chlorella 6.2 
 
89 Chlorella 8 
22 Chlorella 8.5 
 
56 Chlorella 7.5 
 
90 Chlorella 7.7 
23 Chlorella 7.8 
 
57 Chlorella 7.1 
 
91 Chlorella 6.9 
24 Chlorella 9 
 
58 Chlorella 10.2 
 
92 Chlorella 8 
25 Chlorella 6.8 
 
59 Chlorella 6.2 
 
93 Chlorella 7.9 
26 Chlorella 9.1 
 
60 Chlorella 10.2 
 
94 Chlorella 8.9 
27 Chlorella 8.4 
 
61 Chlorella 9.1 
 
95 Chlorella 7.5 
28 Chlorella 8 
 
62 Chlorella 8.2 
 
96 Chlorella 9.3 
29 Chlorella 8.5 
 
63 Chlorella 8.6 
 
97 Chlorella 7.4 
30 Chlorella 9.7 
 
64 Chlorella 9.1 
 
98 Chlorella 8.1 
31 Chlorella 6.1 
 
65 Chlorella 7 
 
99 Chlorella 8.6 
32 Chlorella 9.5 
 
66 Chlorella 9.8 
 
100 Chlorella 6.4 
33 Chlorella 7.8 
 
67 Chlorella 10 
  
mean 8.1 
34 Chlorella 10.2 
 
68 Chlorella 9.4 
  
SD 1.3 
                  CV 15.70% 
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Appendix A - 2 Nannochloris sp. cell sizes 
# Label Length (µm) 
 
# Label Length (µm) 
 
# Label Length (µm) 
1 N.chloris 5.9 
 
37 N.chloris 4.1 
 
73 N.chloris 4.3 
2 N.chloris 5.6 
 
38 N.chloris 5.4 
 
74 N.chloris 4.0 
3 N.chloris 4.9 
 
39 N.chloris 5.1 
 
75 N.chloris 4.0 
4 N.chloris 5.4 
 
40 N.chloris 4.5 
 
76 N.chloris 5.3 
5 N.chloris 5.3 
 
41 N.chloris 5.0 
 
77 N.chloris 3.6 
6 N.chloris 5.3 
 
42 N.chloris 4.4 
 
78 N.chloris 3.7 
7 N.chloris 5.5 
 
43 N.chloris 4.5 
 
79 N.chloris 4.6 
8 N.chloris 5.0 
 
44 N.chloris 4.8 
 
80 N.chloris 3.6 
9 N.chloris 4.6 
 
45 N.chloris 4.8 
 
81 N.chloris 4.0 
10 N.chloris 5.1 
 
46 N.chloris 5.0 
 
82 N.chloris 4.3 
11 N.chloris 5.3 
 
47 N.chloris 4.9 
 
83 N.chloris 5.1 
12 N.chloris 4.2 
 
48 N.chloris 4.5 
 
84 N.chloris 5.2 
13 N.chloris 4.1 
 
49 N.chloris 6.1 
 
85 N.chloris 4.9 
14 N.chloris 3.3 
 
50 N.chloris 5.5 
 
86 N.chloris 5.1 
15 N.chloris 3.9 
 
51 N.chloris 5.6 
 
87 N.chloris 4.2 
16 N.chloris 4.2 
 
52 N.chloris 4.7 
 
88 N.chloris 3.8 
17 N.chloris 3.3 
 
53 N.chloris 5.6 
 
89 N.chloris 4.0 
18 N.chloris 4.3 
 
54 N.chloris 5.4 
 
90 N.chloris 5.4 
19 N.chloris 4.0 
 
55 N.chloris 4.1 
 
91 N.chloris 4.5 
20 N.chloris 5.1 
 
56 N.chloris 4.7 
 
92 N.chloris 4.3 
21 N.chloris 4.8 
 
57 N.chloris 4.6 
 
93 N.chloris 4.8 
22 N.chloris 5.5 
 
58 N.chloris 5.4 
 
94 N.chloris 4.2 
23 N.chloris 4.9 
 
59 N.chloris 4.7 
 
95 N.chloris 5.3 
24 N.chloris 4.5 
 
60 N.chloris 3.7 
 
96 N.chloris 4.0 
25 N.chloris 4.5 
 
61 N.chloris 4.8 
 
97 N.chloris 5.0 
26 N.chloris 3.9 
 
62 N.chloris 4.7 
 
98 N.chloris 4.7 
27 N.chloris 3.3 
 
63 N.chloris 4.6 
 
99 N.chloris 5.1 
28 N.chloris 4.6 
 
64 N.chloris 4.0 
 
100 N.chloris 5.4 
29 N.chloris 4.6 
 
65 N.chloris 4.6 
  
mean 4.6 
30 N.chloris 3.3 
 
66 N.chloris 3.6 
  
SD 0.6 
31 N.chloris 6.0 
 
67 N.chloris 4.7 
  
CV 13.7% 
32 N.chloris 4.8 
 
68 N.chloris 4.4 
    33 N.chloris 4.3 
 
69 N.chloris 4.4 
    34 N.chloris 5.7 
 
70 N.chloris 3.9 
    35 N.chloris 3.8 
 
71 N.chloris 4.5 
    36 N.chloris 4.5 
 
72 N.chloris 4.7 
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Appendix A - 3 Scenedecmus sp. cell sizes 
# Label Length (µm) 
 
# Label Length (µm) 
 
# Label Length (µm) 
1 Scndms 10.7 
 
37 Scndms 9.2 
 
73 Scndms 10.4 
2 Scndms 10.5 
 
38 Scndms 6.8 
 
74 Scndms 6.9 
3 Scndms 10.6 
 
39 Scndms 11.4 
 
75 Scndms 9.9 
4 Scndms 9.9 
 
40 Scndms 11.5 
 
76 Scndms 9.2 
5 Scndms 12.1 
 
41 Scndms 6.7 
 
77 Scndms 9.0 
6 Scndms 10.1 
 
42 Scndms 8.2 
 
78 Scndms 8.7 
7 Scndms 10.3 
 
43 Scndms 8.7 
 
79 Scndms 8.2 
8 Scndms 8.7 
 
44 Scndms 9.9 
 
80 Scndms 8.3 
9 Scndms 8.7 
 
45 Scndms 9.2 
 
81 Scndms 7.7 
10 Scndms 10.0 
 
46 Scndms 10.2 
 
82 Scndms 10.4 
11 Scndms 11.1 
 
47 Scndms 8.5 
 
83 Scndms 8.8 
12 Scndms 8.2 
 
48 Scndms 9.1 
 
84 Scndms 8.7 
13 Scndms 12.0 
 
49 Scndms 9.0 
 
85 Scndms 8.2 
14 Scndms 10.8 
 
50 Scndms 9.8 
 
86 Scndms 11.1 
15 Scndms 10.6 
 
51 Scndms 8.5 
 
87 Scndms 8.6 
16 Scndms 10.2 
 
52 Scndms 9.3 
 
88 Scndms 12.0 
17 Scndms 10.9 
 
53 Scndms 8.7 
 
89 Scndms 10.5 
18 Scndms 9.8 
 
54 Scndms 8.6 
 
90 Scndms 9.3 
19 Scndms 8.8 
 
55 Scndms 9.3 
 
91 Scndms 8.6 
20 Scndms 8.2 
 
56 Scndms 11.4 
 
92 Scndms 7.2 
21 Scndms 7.8 
 
57 Scndms 12.0 
 
93 Scndms 7.7 
22 Scndms 9.0 
 
58 Scndms 9.3 
 
94 Scndms 8.9 
23 Scndms 9.0 
 
59 Scndms 8.2 
 
95 Scndms 12.3 
24 Scndms 8.6 
 
60 Scndms 7.3 
 
96 Scndms 9.8 
25 Scndms 6.8 
 
61 Scndms 9.1 
 
97 Scndms 10.8 
26 Scndms 9.2 
 
62 Scndms 8.5 
 
98 Scndms 9.2 
27 Scndms 7.2 
 
63 Scndms 6.9 
 
99 Scndms 12.0 
28 Scndms 9.8 
 
64 Scndms 9.9 
 
100 Scndms 12.1 
29 Scndms 10.5 
 
65 Scndms 9.3 
  
mean 9.3 
30 Scndms 6.7 
 
66 Scndms 7.5 
  
SD 1.4 
31 Scndms 8.3 
 
67 Scndms 7.9 
  
CV 15.0% 
32 Scndms 9.0 
 
68 Scndms 10.6 
    33 Scndms 7.8 
 
69 Scndms 11.6 
    34 Scndms 8.2 
 
70 Scndms 11.3 
    35 Scndms 9.1 
 
71 Scndms 8.4 
    36 Scndms 8.4 
 
72 Scndms 8.4 
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Appendix A - 4 Size distribution analysis of the selected algal species 
 
 
Species Mean Cell Diameter (µm) SD CV mode (µm) 
Chlorella vu. 8.1 1.3 15.72% 9.3 
Nannochloris sp. 4.6 0.6 13.69% 5.2 
Scenedesmus sp. 9.3 1.4 15.02% 9.7 
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APPENDIX B: BECKMAN COULTER LS 200 PARTICLE SIZE ANALYZER DATA 
Appendix B - 1 Volume% particle size distribution analysis of Chlorella vulgaris 
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Appendix B - 1 contd.
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Appendix B - 1 contd.
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Appendix B - 1 contd.
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Appendix B - 1 contd.
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Appendix B - 2 Volume% particle size distribution analysis of Nannochloris sp. 
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Appendix B - 2 contd.
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Appendix B - 2 contd.
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Appendix B - 2 contd.
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Appendix B - 2 contd.
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Appendix B - 3 Volume% particle size distribution analysis of Scenedesmus sp. 
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Appendix B - 3 contd.
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Appendix B - 3 contd.
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APPENDIX C: FILTRATION SYSTEM PHOTOS 
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APPENDIX D: DASYLAB AUTOMATION AND DATA ACQUISITION 
SYSTEM 
 
Appendix D - 1 Screen-shot of the program 
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Appendix D - 2 Electronic devices wiring 
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APPENDIX E: BACKWASH OPTIMIZATION DATA 
Q (L/min) CFV (m/s) P (kPa) P (psi) J (LMH) 
27 3.55 34.5 5 175.714 
27 3.55 68.9 10 278.571 
27 3.55 103.4 15 293.143 
27 3.55 137.9 20 301.714 
27 3.55 172.4 25 318.000 
27 3.55 206.8 30 309.429 
32 4.21 34.5 5 189.429 
32 4.21 68.9 10 293.143 
32 4.21 103.4 15 300.857 
32 4.21 137.9 20 311.143 
32 4.21 172.4 25 318.857 
32 4.21 206.8 30 317.143 
37 4.87 34.5 5 166.286 
37 4.87 68.9 10 245.143 
37 4.87 103.4 15 303.429 
37 4.87 137.9 20 318.857 
37 4.87 172.4 25 348.000 
37 4.87 206.8 30 336.857 
42 5.53 34.5 5 162.857 
42 5.53 68.9 10 278.571 
42 5.53 103.4 15 342.000 
42 5.53 137.9 20 354.857 
42 5.53 172.4 25 372.857 
42 5.53 206.8 30 372.000 
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APPENDIX F: TRIPLICATE RUNS OF THE OPTIMIZED FILTRATION 
SYSTEM 
  Flux (L/m2.h)     
time RUN 1 RUN 2 RUN 3 Mean SD 
0:00:20 537 559 542 546 12 
1:05:00 404 426 413 414 11 
2:10:00 360 380 365 368 10 
3:15:00 333 349 325 336 12 
4:20:00 325 343 323 330 11 
5:25:00 318 333 316 322 9 
6:30:00 304 320 306 310 9 
7:35:00 294 307 296 299 7 
8:40:00 286 303 286 292 10 
9:45:00 279 299 291 289 10 
10:24:40 289 293 278 286 8 
10:33:00 283 - 282     
10:40:00 280 - -     
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APPENDIX G: PUMPING ENERGY ESTIMATION FOR THE LARGE-
SCALE FILTRATION SYSTEM 
CFV 
(m/s) 
TMP 
experiment 
(bar) 
Headlossper 
module 
(bar) 
# of 
modules 
per 
train 
#of 
parallel 
trains 
Pressure 
in (bar) 
Pressure 
out 
(bar) 
TMP 
Design 
Pump 
Power 
(kW) 
Filtrate 
Flow 
Rate 
(m3/h) 
Energy 
Consumption 
(kWh/m3) 
3.55 0.345 0.3 1 12 0.6 0.2 0.40 0.5 0.148 3.38 
3.55 0.689 0.3 3 12 1.2 0.3 0.75 1 0.703 1.42 
3.55 1.034 0.3 5 12 1.9 0.3 1.10 1.6 1.23 1.30 
3.55 1.379 0.3 6 12 2.2 0.4 1.30 1.8 1.523 1.18 
3.55 1.724 0.3 3 12 2.2 1.3 1.75 1.8 0.801 2.25 
3.55 2.068 0.3 1 12 2.2 1.9 2.05 1.8 0.26 6.92 
4.21 0.345 0.4 1 12 0.6 0.2 0.40 0.6 0.159 3.77 
4.21 0.689 0.4 3 12 1.3 0.1 0.70 1.3 0.739 1.76 
4.21 1.034 0.4 4 12 1.8 0.3 1.05 1.8 1.012 1.78 
4.21 1.379 0.4 4 6 2.1 0.5 1.30 1.1 0.524 2.10 
4.21 1.724 0.4 2 6 2.1 1.3 1.70 1.1 0.268 4.10 
4.21 2.068 0.4 1 6 2.2 1.8 2.00 1.1 0.134 8.21 
4.87 0.345 0.5 1 12 0.6 0.1 0.35 0.8 0.14 5.71 
4.87 0.689 0.5 2 12 1.2 0.2 0.70 1.4 0.412 3.40 
4.87 1.034 0.5 3 12 1.8 0.3 1.05 2.1 0.765 2.75 
4.87 1.379 0.5 3 6 2.1 0.6 1.35 1.2 0.403 2.98 
4.87 1.724 0.5 2 6 2.2 1.2 1.70 1.3 0.294 4.42 
4.87 2.068 0.5 1 6 2.2 1.7 1.95 1.3 0.143 9.09 
5.53 0.345 0.6 1 12 0.8 0.2 0.50 1.1 0.137 8.03 
5.53 0.689 0.6 2 12 1.3 0.1 0.70 1.7 0.47 3.62 
5.53 1.034 0.6 3 6 2 0.1 1.05 1.3 0.432 3.01 
5.53 1.379 0.6 2 6 2 0.8 1.40 1.3 0.299 4.35 
5.53 1.724 0.6 2 6 2.2 1 1.60 1.4 0.315 4.44 
5.53 2.068 0.6 1 6 2.2 1.6 1.90 1.4 0.158 8.86 
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